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ABSTRACT
Gold nanoparticles are defined as “having one or more dimensions of the order of 100 nm
or less.4” Gold nanoparticles were prevalent from ancient times and used for their medicinal and
aesthetic properties. Michael Faraday first studied the optical properties of colloidal gold
nanoparticles and proposed that the size of these particles might be in the order of the
wavelength of light based on their interactions with incident light.5 Gold nanoparticles can be
stabilized in solutions by passivating the surface with ligands like citrates, phosphines and thiols.
2, 6-7

Ultra small gold nanomolecules (NMs) are <2 nm in size and comprise a precise number
of gold atoms and organo-thiolate ligands. Several magic sized gold NMs are reported in the
literature. Au25(SR)18, Au38(SR)24, Au40(SR)24, Au67(SR)35, Au~103-105(SR)~44-46, Au144(SR)60 and
Au329(SR)84 are the most studied NMs. The stability of magic sized NMs can be explained by
electron shell closing45 and geometric factors.48 NMs show size dependent optical and electronic
properties due to the quantization effects at this size regime. The properties of NMs can be
studied by several analytical techniques like UV-vis absorption spectroscopy, mass spectrometry,
microscopy, voltammetry and X-ray diffraction.
NMs are conventionally prepared with monothiols as passivating ligands. Multidentate
ligands can also be incorporated onto the gold surface to impart additional stability as shown in
self assembled monolayers. In the first project described in chapter 2, dithiols were incorporated
onto the surface of Au25(SR)18 using ligand exchange reactions.167 A series of dithiols, namely
ii

ethane dithiol, propane dithiol, butane dithiol, pentane dithiol and hexane dithiol, with varying
carbon chain length between thiol groups were studied in this project. Using computational and
experimental studies, it was found that propane dithiol has the optimum chain length for
bidentate binding and interstaple cross-linking is the preferred mode of binding. UV-vis
absorption measurements of the exchanged NM showed that the core is retained upon dithiol
binding.
In the second project described in Chapter 3, core size conversion in gold nanoclusters
was studied in clusters >40 kDa and clusters <30 kDa. Clusters >40 kDa core convert to
Au130(SR)50 upon etching. This core conversion to Au130(SR)50 was reproducible with
phenylethanethiol, hexanethiol, dodecanethiol, Au-Ag alloy systems and Au-Pd alloy systems.
The 130-metal atom NM was isolated and characterized by several analytical techniques to
understand the properties.35 Etching of clusters <30 kDa comprising a mixture of Au~103-105, Au67
and clusters <Au67 yields a mixture of Au38 and Au40. To understand the origin of Au38 and Au40,
the mixture was separated into different fractions by SEC and etched separately. Upon etching,
Au~103-105 core converted to Au40, Au67 core converted to Au40 and <Au67 core converted to
Au38.172 These core size conversion reactions can be used as high yield synthetic protocols for
Au130(SR)50, Au40(SR)24 and Au40(SR)24.
Size dependent optical properties of gold NMs are studied extensively, but there is a void
in understanding the size dependence of the electrochemical properties. In the third project
described in chapter 4, the electrochemical properties of different magic sized NMs were studied
using cyclic voltammetry and differential pulse voltammetry techniques. Smaller sized NMs like
Au25(SR)18, Au38(SR)24 and Au67(SR)35 showed molecule-like behavior with large HOMO-

iii

LUMO gaps and distinct redox behavior. With increasing size, NMs like Au130(SR)50,
Au137(SR)56 and Au144(SR)60 showed quantized double layer (QDL) charging type behavior.
QDL charging behavior of Au130(SR)50 was studied in detail.159 The observed electrochemical
properties of different sizes agreed with the expected molecule-like to bulk-metal-type transition
in gold NMs.
Mass spectrometry is the most promising and crucial analytical tool to find the
composition of gold NMs. Matrix assisted laser desorption ionization time of flight mass
spectrometry (MALDI TOF MS) and electrospray ionization mass spectrometry (ESI MS) are
the primary techniques used for compositional analysis and reaction monitoring in NM research.
In chapter 5, the versatility of these techniques is demonstrated with several case studies.
Synthesis of gold nanomolecules always yields a mixture of different magic sizes and
post synthetic separation is required to obtain highly pure samples. For a long time, solvent
fractionation was the primary choice for separation of NMs based on their solubility in different
solvent mixtures. Recently size exclusion chromatography (SEC) of gold nanomolecules was
reported. In chapter 6, the versatility and efficiency of SEC as a size based separation technique
is demonstrated with different examples. SEC is by far the best separation technique for the
separation of NMs in large quantities.
In chapter 7 the contributions of this dissertation research to the field of NM research are
highlighted. The future directions to this research are also discussed briefly.
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CHAPTER I
INTRODUCTION TO GOLD NANOMOLECULES
1.1 Gold
Gold is one of the most noble metals. Its atomic number is 79 and the atomic mass is
196.96 amu. The electronic configuration of gold is:
Au = [Xe] 4f14 5d10 6s1
Gold is a very inert metal and does not react with most chemicals and atmospheric oxygen in its
metallic form. It can take oxidation states of -1 to +5, but the most common oxidation states are
+1 and +3.1,2 Gold in its metallic form has good conductivity, ductility and malleability.
Gold is a precious metal and was used as coinage metal around 2000 BC in the old
kingdom of Egypt.1 In the middle ages, soluble gold was famous for its medicinal values to cure
diseases like epilepsy and tumors.3 Gold compounds are increasingly investigated for their
biochemical applications.1 Apart from other applications, it is primarily used in jewelry. World
wide about 40% of the gold is used in the form of investments.
1.2 Gold nanoparticles
A nanoparticle is defined as a particle “having one or more dimensions of the order of
100 nm or less.4” Nanoscience is the study of the properties of these nanoscale materials.
Nanotechnology is the fabrication of these materials for enhanced properties.4 Colloidal gold has
been used to impart beautiful colors to glass from ancient times. Figure 1.1 shows a picture of
Lycurgus cup from 4th century AD, stained with gold nanoparticles to impart the brilliant color.
1

Many cathedral paintings in ancient Europe used gold nanoparticles in stained glass paintings.3
Prior to understanding the principles behind its properties, colloidal gold was used for medicinal
and aesthetic purposes.1, 3-4
In 1857, Michael Faraday prepared colloidal gold nanoparticles and studied the optical
properties of thin films of dried colloidal solutions.5 Faraday predicted that the size of these
particles should be similar to the wavelength of light based on their interactions with light. Later
the dimension of the particles was found to be in the range of 3 to 30 nm.1, 4

Figure 1.1: Lycurgus cup from 4th century A.D. The glass is stained with gold nanoparticles.
(Source: http://www.britishmuseum.org)
The stability of colloidal gold nanoparticles can be improved by incorporating ligands on
the surface of gold nanoparticles. Ligands like citrates, phosphines and thiols are used to
passivate gold nanoparticles.2, 6-7 Ligands stabilize gold nanoparticles in solutions, prevent
aggregation and dictate properties like solubility, reactivity and functionality. For example,
water-soluble ligands yield water-soluble nanoparticles and organic ligands yield nanoparticles
soluble in organic solvents.8
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1.3 Gold nanoclusters
Gold nanoclusters are a subclass of gold nanoparticles and are <3 nm in size. These gold
nanoclusters are protected with ligands and are highly stable.9 However, the term “nanoclusters”
is ambiguous for several reasons. The term “clusters” has a long history and is used to describe
gas phase metal clusters. Gas phase clusters are naked metal clusters observed only in gas phase
under certain experimental conditions and cannot be isolated or obtained in ambient conditions.10
Also, clusters are polydisperse in nature as noted in a highly cited review article by Ferrando: “In
contrast to molecules, nanoclusters do not have a fixed size or composition.11” Several species
with slightly different composition can be observed as shown in the mass spectrum of a sample
of sodium clusters in Figure 1.2 a. Alkaline earth metals, coinage metals, rare gases are some
examples of clusters. Gold thiolate nanoclusters, on the other hand, are synthesized and isolated
in ambient conditions.12 Gold nanoclusters have a definite composition as reflected in the mass
spectrum shown in Figure 1.2 b.

Figure 1.2. a) Mass spectrum of sodium clusters with several closely related sizes. Reprinted
with permission from J. Phys. Chem., 1991, 95, 6421.. Copyright 1993 American Chemical
Society b) Mass spectrum of Au25(SCH2CH2Ph)18 with only one species present in the sample.
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1.4 Gold nanomolecules
Gold nanomolecules (NMs) are ultra-small nanoparticles, containing a precise number of
gold atoms and thiolate ligands. NMs have a composition of (Au)X(L)Y, where X and Y are the
number of gold atoms and ligands respectively. For gold nanomolecules, the numbers X and Y
are exactly same for all the species present in a pure sample and show no size distribution with a
±0 metal or ligand variation. The properties of gold nanomolecules are very different than bulk
gold. For example bulk gold is inert, but gold nanomolecules show good catalytic properties.13-14
The difference in properties of gold nanomolecules is due to the quantum size effect. When the
de Broglie wavelength of the electrons in a particle is of the same order as the wavelength of the
size of the particle, quantum size effects come into play. The particle behaves like a quantum box
and can be described by the quantum mechanical rules. Free electrons trapped in the
nanoparticles can oscillate in resonance with the interacting electromagnetic radiation resulting
in surface plasmon resonance (SPR).3-4, 14-15 The SPR peak is observed around 530 nm and
shows a red shift with increasing size. Gustav Mie explained the optical absorption properties of
metal nanoparticles.4, 15 When the particle size is < 2 nm, energy quantization becomes dominant
and SPR is not observed.14 In this size regime, even a small difference in the number of gold
atoms and ligands has a pronounced effect on the properties of NMs. Thus, one of the most
intriguing areas of this research is the size dependence of the properties of gold
nanomolecules.16-17
In 1996, Whetten and coworkers first reported on the synthesis and characterization of
gold nanomolecules.16 Due to the extraordinary stability, reproducible synthesis and interesting
size-dependent properties, this research was widely pursued by many research groups.14, 16-22

4

NMs are highly stable at elevated temperatures (up to 100°C), in the presence of excess thiol and
air/oxygen environments. The properties of gold nanomolecules are dependent on the size and
vary systematically.15 The properties of each size can be tailored by modifying the ligand used.23
Thus, size dependence along with ligand variation offers a wide platter of materials, whose
properties can be tuned as needed. Because of the tunable properties, gold nanomolecules are
very attractive for several applications like catalysis, sensing, drug delivery and other areas. 24-26
Starting from colloidal nanoparticles, the research on gold nanomolecules has emerged into a
separate scientific discipline by itself and is intensely studied by many research groups. Figure
1.3 shows the distinction between nanoparticles and nanomolecules.

Figure 1.3: (a) The 1−100 nm size regime with nanomolecules in the 1−2 nm region, and
nanoparticles in the 2−100 nm regime (where very good monodispersity has been achieved, but
the size distribution is still ±1000’s of atoms or a few nanometers). (b) Thiolated gold
nanomolecules, such as Au25, Au38, Au67, Au144 and Au329 with a precise number of metal atoms
and organic ligands and Au∼500±10(SR)∼120±3. (c) The dashed line, between 329− and 500− atom
5

sizes, indicating the transition between the fixed composition containing nanomolecules region,
with ±0 Au atom variation versus polydisperse Au∼500±10(SR)∼120±3 particles, with a ± 10 Au
atom variation. Reprinted with permission from reference 164. Copyright 2014 American
Chemical Society.
1.5 Synthesis of gold nanomolecules
1.5.1 Two-phase Brust Schiffrin method
Thiolated gold nanomolecules are typically synthesized using a two-phase method
reported by Mathias Brust and David J. Schiffrin in 1994.12 Modified versions of this protocol
are used in the majority of the literature reports on gold NM’s to date.
The two-phase method has an organic and aqueous phase in the reaction. HAuCl4.3H2O
salt is dissolved in water and mixed with a solution of tetraoctylammonium bromide (TOABr) in
toluene. TOABr is a phase transfer agent. The mixture is stirred for 30 minutes, for the transfer
of the Au(III) ions from the aqueous to the organic layer. This phase transfer process can be
confirmed by visual inspection, when the bright yellow aqueous layer turns clear and the organic
phase becomes red. The aqueous layer is separated and the desired thiol in required proportion is
added to the organic phase. The solution is stirred for next 30 minutes. At this stage, the solution
is cloudy to off-white, which is indicative of Aun-SRm formation due to the reduction of Au(III)
to Au(I). To this solution, sodium borohydride (NaBH4) is added resulting in an immediate black
colored mixture, indicating the formation of gold nanomolecules. The reaction is continued for
1-3 hours. The solvent is removed by rotary evaporation, washed with methanol to remove
excess thiol and further analyzed to determine the composition. Scheme 1.1 shows the different
steps involved in the two-phase synthesis. Note the color changes in the reaction after each step.
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1.5.2 One-phase THF method
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The two–phase synthesis produces stable product in higher yield, when alkanethiols are
used. For ω-substituted thiols, due to the polarity of the terminal carbon, the phase transfer used
in the two-phase synthesis forms an additional layer on the thiolate ligands requiring additional
purification steps.27-28 To eliminate the use of phase transfer agent, a one-phase method
employing THF as a solvent was developed. As the gold salt and thiol are soluble in THF, there
is no need for a second phase/solvent during the synthesis. This method also eliminates the use
of TOABr as phase transfer agent. Murray and coworkers first reported this method for
alkanethiols in 2004.28 Recently, this method was adopted by several research groups to
synthesize Au25(SR)18 and Au67(SR)35 nanomolecules.29-31 For synthesizing Au25(SR)18 using the
one-phase THF method, the addition of TOABr facilitates the stabilization of nanomolecules due
to their anionic nature. TOA+ is counter ion for [Au25(SR)18]- for charge neutrality.
In the one-phase THF method, gold salt and thiol are mixed in THF and stirred for 30
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minutes. To this mixture, sodium borohydride is added as the reducing agent. Upon addition of
sodium borohydride the reaction mixture turns black, indicating the formation of gold
nanomolecules. Similar one phase synthesis in methanol was later reported for synthesis of
Au144(SR)60.32
Certain core-sized nanomolecules are favored in the one phase THF method while others
are preferentially formed in the two-phase synthesis. For example, Au67(SR)35 and Au103105(SR)44-46

can be obtained in high yields with THF method, while they are present in minor

amounts in two phase synthesis.31, 33 Thus, the choice of the synthetic protocol depends on the
nanomolecule of interest.
There are several factors that can be varied in one-phase and two-phase syntheses to
obtain the desired nanomolecules. Note that the crude product obtained after the synthesis is
always a mixture of different nanomolecules. By optimizing the synthetic protocol, pure
nanomolecules cannot be obtained, but the crude product can be enriched in particular core-size.
Some of the factors that can be varied are: (a) gold to thiol ratio – larger ratio of thiol gives
smaller clusters while smaller ratios give larger clusters; (b) choice of solvent – different solvent
gives different size distributions with the same experimental conditions; (c) type of reducing
agent used. While these three factors are the major parameters that can be optimized, factors like
stirring rate, rate of the addition of reducing agent and reaction time also influence the synthesis.
To put this in perspective, by varying the one-phase and two-phase synthetic protocols, a total of
about 25 different sizes of gold nanomolecules can be obtained. Typical examples of magic sized
gold nanomolecules include 25-, 36-, 38-, 40-, 67-, 102-, 144-, 329-, 500-, and 940- Au atom
containing nanomolecules.
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1.6 Separation of gold nanomolecules
The crude product obtained from synthesis is almost always a mixture of several coresized gold nanomolecules. This mixture needs further separation to obtain pure gold
nanomolecules. The two primary techniques used for separation of gold nanomolecules are
solvent fractionation and size exclusion chromatography (SEC).
Solvent fractionation is based on the solubility of gold nanomolecules.16 Smaller gold
nanomolecules are polar in nature and therefore soluble in polar solvent like acetonitrile. As the
size increases, these become non-polar in nature and are soluble in less polar solvents like
toluene and dichloromethane. The principle of separation is to vary the polarity of solution and
selectively precipitate larger or smaller nanomolecules. For solvent fractionation, the mixture of
nanomolecules is first dissolved in a solvent like toluene. To this solution, a non-solvent like
methanol is added in incremental amounts. As the polarity of the solution increases with addition
of methanol, the larger sizes precipitate first followed by smaller nanomolecules. For example,
Au67(SR)35 can be separated from a mixture of Au25(SR)18, Au67(SR)35 and Au144(SR)60 as
follows. First, the mixture is dissolved in toluene. To this solution, methanol is added in
incremental amounts. Au144(SR)60 precipitates first, followed by Au67(SR)35. Methanol addition
is stopped and the insoluble part is separated. This insoluble fraction is dissolved in toluene and
Au144(SR)60 is precipitated by methanol addition, leaving pure Au67(SR)35 in the soluble part. Our
group isolated several nanomolecules using solvent fractionation.31, 33
Solvent fractionation is simple in theory but has several challenges. The exact amount of
non-solvent/ polar solvent mixture needed to precipitate larger clusters cannot be estimated, but
needs to be determined by trial and error. It often happens that all the nanomolecules in the
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solution are precipitated or the desired nanomolecule is precipitated with other sizes, leading to
mixtures. Lack of control is one of the major drawbacks of this method. Though solvent
fractionation is first worked out by trial and error, it can be used in a reproducible manner after
the protocol has been worked out. Typically several cycles of solvent fractionation are needed to
obtain a pure sample.
Size exclusion chromatography (SEC) is also used for separation of gold nanomolecules
based on their size. The SEC column is packed with beads containing pores of different sizes.
When the mixture of nanomolecules is passed through this column, smaller nanomolecules can
penetrate into the pores of the beads while the larger nanomolecules pass through the spaces
between the beads. Smaller nanomolecules have to take longer route and travel slowly in the
column, compared to the larger nanomolecules. Thus, larger NMs elute first and are separated
from the smaller nanomolecules. Note that there are no strong chemical interactions between the
nanomolecules and beads. The separation is solely based on the path taken by nanomolecules of
different sizes.
For the separation of gold nanomolecules, BioRad-SX1 beads from Biorad are used. The
beads are made of polystyrene divinylbenzene. The beads are soaked in THF overnight and
packed into a glass column containing a glass frit or glass wool. The length of the column affects
the efficiency of separation, with longer columns providing better separation. Once the column is
packed, the mixture of nanomolecules to be separated is loaded onto the column in a minimum
amount of solvent (THF). Several fractions are collected from the column and analyzed by mass
spectrometry to get the composition of each fraction. Burgi and coworkers first reported SEC
separation of gold nanomolecules.34 Our group has isolated several sizes between the mass range
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of 7 – 110 kDa using SEC.35-36
1.7 Characterization of gold nanomolecules
One of the conveniences in working with gold nanomolecules is their amenability to
different analytical techniques. Gold nanomolecules can be analyzed by several techniques to
obtain information regarding their mass, composition, structure, optical and electronic properties.
The unambiguous data obtained from these analytical techniques gives complete understanding
of the properties of gold nanomolecules. A brief overview of each of these techniques, the type
of information obtained, challenges and shortcomings are briefly explained below.
1.7.1 Mass Spectrometry
Typically, larger gold nanoparticles are analyzed by transmission electron microscopy
(TEM). High-resolution microscopy techniques are used to determine the size of gold
nanoparticles. However, information regarding the precise composition of gold nanoparticles,
such as the number of Au atoms, cannot be obtained from microscopy. Mass spectrometry gives
the mass of gold nanomolecules, using which its composition can be calculated. Matrix assisted
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS/MALDI MS)
and electrospray ionization mass spectrometry (ESI-MS) are the primary mass spectrometry
techniques used for the analysis of gold nanomolecules. These techniques are explained in detail
in later chapters.
Figure 1.4 shows a typical mass spectrum of highly pure gold nanomolecules. The
spectrum in the figure corresponds to Au38(SCH2CH2Ph)24 [MW = 107778 Da]. Using the peaks
observed in the mass spectra, the composition of the nanomolecules can be calculated. The
process becomes complicated as the size of the nanomolecules increases.
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Figure 1.4: Positive mode MALDI mass spectrum of Au38(SCH2CH2Ph)24 nanomolecules
1.7.2 UV-vis spectroscopy
Gold nanomolecules absorb light in visible and near infrared (NIR) regions of the
electromagnetic spectrum. The absorption features are size dependent and unique for each size.
UV-vis spectroscopy is used to study the optical properties of gold nanomolecules. When light
interacts with any molecules and absorption occurs, the electrons in the ground state energy level
are transferred to the higher energy levels of the molecule. These molecules with electrons in
higher energy levels than the ground state are in an excited state. Such excited state can only be
achieved when the energy supplied is same as the energy difference between the ground state
and higher energy state orbitals.37 When the molecules absorb part of the incident radiation, the
intensity of the radiation coming out of the sample is lower than the intensity of the incident
radiation. By measuring the difference between the intensity of the incident radiation (Io) and
radiation coming out the sample (I), we can calculate the absorbance of the analyte of interest.
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The ratio I/Io is called transmittance. Absorbance (A) of the sample is calculated from the
transmittance as follows.

A = !log10 T = log

Io
I

Eq. 1.1

All the measurements presented in this dissertation were acquired using a Shimadzu 1601 UVvis spectrophotometer in the wavelength range of 300 to 1100 nm. Dilute solutions of gold
nanomolecules either in toluene or dichloromethane were used.

Figure 1.5: UV-vis absorption spectra of Au25(SCH2CH2Ph)18 nanomolecules in toluene. The
absorption onset is around 750 nm. The extinction coefficient is confirmed by the analysis of
different concentrations of Au25(SCH2CH2Ph)18 nanomolecule.
Figure 1.5 shows the optical absorption spectrum of Au25(SR)18. The HOMO and LUMO
13

orbitals of Au25(SR)18 nanomolecules have contributions from 6sp atomic orbitals of gold for the
Kohn-Sham molecular orbitals calculated by time-dependent density functional theory (TD
DFT). There is an absorption onset around 750 nm, which corresponds to the HOMO à LUMO
(intraband spà sp transitions). Other absorption features observed are a result of mixed
intraband and interband or solely interband transitions.38 Similar absorption onset is observed
for all the sizes of gold nanomolecules. After the absorption onset, there is a steady rise in the
absorbance towards the lower wavelength. This continuously increasing absorbance originates
from the transitions to the unoccupied energy levels present in the conduction band accessible
due to the quasicontinuous nature of the conduction band.14-15
1.7.3 Voltammetry
Voltammetry techniques like cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
are used to measure the electrochemical properties of gold nanomolecules. Voltammetry
measures the current, in response to the applied potential, of an electrochemical reaction under
concentration polarization conditions.37 Concentration polarization refers to the stationary
solutions where there is no means of replenishing the electroactive species at the electrode
surface. The oxidation-reduction (redox) properties and the energy gap between the higher
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
commonly referred to as HOMO-LUMO gap, of gold nanomolecules can be obtained from
voltammetry results.
1.7.3.1 Cyclic voltammetry
In cyclic voltammetry, current is measured at a stationary electrode surface by applying
potential. The potential scan is as shown in Figure 1.6 a. The potential is started at certain
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potential value, then increased gradually with time and reversed to the initial voltage. The two
potential extremes where the potential direction is reversed are called switching potentials. Based
on the analyte of interest and the solvent-supporting electrolyte system, the switching potentials
are varied. The oxidation and reduction of analyte of interest that fall within this potential range
(between the two switching potentials) can be measured. Oxidation of the analyte occurs when
the potential of the electrode is raised to more positive value. Similarly, the reduction of the
analyte occurs at more negative potential values. At the potentials where the analyte of interest is
oxidized or reduced, the current increases due to flow of electrons to or from the electrode
surface. Gold nanomolecules show several redox peaks in voltammetry experiments and the
difference between the first oxidation and first reduction peaks is called the electrochemical gap.
Electrochemical gap is representative of the HOMO-LUMO gap of the gold nanomolecule. From
cyclic voltammetry data, the number of electrons transferred and the diffusion coefficient of the
analyte can be obtained by employing the Randles-Sevcik equation (equation 1.2).
3

I p = 2.69 !105 n 2 Ac0 Dv

Eq. 1.2

Ip = peak current
n = number of electrons transferred
A = surface area of the working electrode
c0 = concentration of the electrochemically active species
D = diffusion coefficient
v = potential scan rate
However, for gold nanomolecules we only measured the electrochemical behavior by measuring
the redox waves, and obtaining the electrochemical gap.
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1.7.3.2 Differential Pulse Voltammetry
In DPV, the potential increments are not linear as is the case with CV; instead, the potential scan
rate can be described as periodic pulse superimposed over a staircase potential scan. Figure 1.6 b
shows the potential scan with time in a DPV experiment. Pulse voltammetry techniques have
greater sensitivity than the conventional voltammetry techniques. When the potential is applied
at an electrode during the voltammetry experiment, two types of currents are generated. First is
the Faradaic current arising from the oxidation/reduction of the analyte at the electrode surface.
A second type of current arising due to charging and discharging of the electric double layer at
the electrode/electrolyte interface, called the charging current or non-Faradaic current. The nonFaradaic current decays faster compared to the Faradaic current. In DPV, current is measured at
a time where the Faradaic current is still abundant but the non-Faradaic current is minimal.37, 39-40
When the potential pulse is applied in DPV, the current is measured just before the potential
pulse (S1) and the second time towards the end of the potential pulse (S2). The current in DPV is
the difference between these two currents for each potential pulse. Thus the current measured is
differential, thereby improving the sensitivity of the technique. 37,39,40

Figure 1.6: a) left: potential scan in cyclic voltammetry b) right: potential scan in differential
pulse voltammetry. Adapted from reference 40.
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For voltammetry experiments of gold nanomolecules, a three-electrode set up is used
comprising of: (1) a working electrode – where the actual oxidation/reduction of analyte occurs;
(2) a counter electrode – where the other half of the electrochemical reaction takes place; and
(3) a reference electrode – which has a constant potential, and the working electrode potential is
measured with respect to it. Platinum working electrodes, platinum wire/platinum mesh counter
electrodes and Ag/AgCl reference electrodes were used. In some experiments, silver wire was
used as quasi reference electrode (QRE). Note that the experimental setup is the same for CV
and DPV experiments, but only the potential scans are varied. Murray and coworkers pioneered
the electrochemical studies of gold nanomolecules.17, 41 Later, several other groups reported the
electrochemical properties of several gold nanomolecules.42-43

Figure 1.7: Differential pulse voltammogram of Au25(SCH2CH2Ph)18 nanomolecules in
BTPPATBF20 electrolyte and 1,2-dichloroethane solvent.
Figure 1.7 shows the differential pulse voltammogram of Au25(SCH2CH2Ph)18 in
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BTPPATBF20 electrolyte dissolved in 1,2-dichloroethane. Ag wire is used as both counter and
reference electrode. The nanomolecule shows five redox waves corresponding to different
oxidation and reduction states. The largest potential gap, 1.6 V, between the redox waves
corresponds to the electrochemical gap. This gap contains information about the HOMO-LUMO
gap, but includes the extra energy required to remove the electron from the nanomolecule. This
is called as charging energy, defined as the potential difference between first and second
oxidation states. After subtracting the charging energy of 0.4 V, the HOMO-LUMO gap of
Au25(SCH2CH2Ph)18 obtained electrochemically is 1.2 V. The HOMO-LUMO gap can also be
observed from the optical spectroscopy measurements using absorption onset, which corresponds
to the HOMO-LUMO transition. As the peaks correspond to excitation, no energy correction is
required, for there is no addition or removal of electron in optical absorption as shown in scheme
1.2.

Scheme 1.2: Difference between the electrochemical and optical gap. Electrochemical gap
included additional energy for the addition of electron to the nanomolecule.
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1.8 Size dependent properties of gold nanomolecules
Bulk gold has a very high density of states with the energy levels very close to one
another, resulting in continuous bands. Nanoparticles in the size range of 3-100 nm show a
collective oscillation of conduction band electrons due to incident light. This property of gold
nanoparticles is called surface plasmon resonance (SPR) and can be used to estimate the size of
the nanoparticle as larger than 3 nm.15 Gold nanomolecules show unique optical and electronic
properties, unlike their bulk-metal or larger nanoparticle counterparts. Gold nanomolecules show
distinct absorption features and HOMO-LUMO gap for each size.41 These properties are typical
of small molecules, which is one of the reasons behind the term gold nanomolecules. Even a
small variation in the number of gold atoms and ligands can manifest in the optical and
electronic properties.14 That is, the properties of gold nanomolecules can be tuned by varying the
number of gold atoms and ligands. It is this size dependence of properties that makes the gold
nanomolecules very appealing for several applications.

Figure 1.8: UV-vis absorption spectra of different gold nanomolecules illustrating the size
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dependent properties. The absorption values are normalized and offset for clarity.
The electronic structure, HOMO-LUMO gap and geometric structure are size-dependent
and can be investigated using UV-visible spectroscopy, electrochemistry and X-ray
crystallography, respectively. For example, to study the size dependence, voltammetry
techniques can be used to study the HOMO-LUMO gap of different core sized gold
nanomolecules. Smaller gold nanomolecules are similar to small organic molecules and show a
large HOMO-LUMO gap with several redox states. As the size increases, the HOMO-LUMO
decreases due to more bulk-metal type nature (continuous electronic states). Figure 1.8 shows the
UV-vis absorption spectra of different gold nanomolecules. Each size shows unique absorption
features illustrating the size-dependent properties.
1.9 Structure of gold nanomolecules
Gold nanomolecules comprise a metal core and protecting motifs. The Au NM core is
made of gold and sulfur atoms and generally possesses high symmetry. This Au-S core
determines the electronic structure, resulting in a signature optical spectrum for each of the gold
nanomolecule sizes. Surrounding the central Au-core are the ligands, through an –RS-(Au-SR)nmotif, where n=1 and 2. These are the only known protective motifs in the early crystal
structures. The recent advances in the X-ray crystallography of several gold nanomolecules have
revealed other protecting motifs.
To obtain complete information about the properties of gold nanomolecules, it is essential
to know the atomic arrangement of gold atoms and the ligands in the structure. X-ray
crystallography will provide the complete structural information if X-ray quality single crystals
are produced. The first breakthrough in this direction was reported by Kornberg’s group in 2007

20

with the crystal structure of Au102(pMBA)44 (pMBA = p-mercaptobenzoic acid).18 This was the
first conclusive evidence for the molecular and crystalline nature of gold nanomolecules. In
2008, Murray and Jin groups independently reported the crystal structure of
Au25(SCH2CH2Ph)18.38, 44 Au25(SCH2CH2Ph)18 has a 13-gold atom icosahedral core with one
central atom and 12 atoms at the vertices of a icosahedron as shown in Figure 1.9 a. The core is
surrounded with six dimeric motifs. Each dimer has three sulfur atoms and two gold atoms,
arranged in a –SR-Au-SR-Au-SR- manner. The phenylethyl groups are attached to the sulfur
atoms. Figure 1.9 b shows the dimeric motifs and Figure 1.9 c shows the complete structure of
Au25(SCH2CH2Ph)18 [phenylethyl groups omitted for clarity].

Figure 1.9: Crystal structure of Au25(SCH2CH2Ph)18- a) 13-atom icosahedral core b) dimeric
staple motifs and c) Au13S12 core motif of the nanomolecule
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1.10 Stability of Gold Nanomolecules:
Gold nanomolecules, AuX (SR)Y, can be synthesized only with certain combinations of
gold atoms, X, and ligands, Y. These particular sizes that can be synthesized are referred to as
magic sizes, formed due to their extraordinary stability at room temperature, high temperatures
and harsh oxidizing conditions. Note that the relative stabilities of different sizes vary: some are
robust, while other sizes decompose at harsher reaction conditions. The stability of gold
nanomolecules is explained by the “super atom electronic theory”.45
Mendeleev’s periodic table of elements is formulated based on the periodic properties of
elements. Completely filled atomic orbitals impart high stability and inertness to the noble gases.
Analogous to the atomic orbitals, super atomic orbitals for metal clusters are proposed. The super
atomic orbitals are 1S2 | 1P6 | 1D10 | 2S2 1F14 | 2P6 1G18| 2D10 3S2 1H22 |…, where S-P-D-F-G-H
denote the angular-momentum characters. Thus gold nanomolecules with closed shell electron
counts of 2, 8, 18, 34, 58, 92, 138,….. are highly stable. These magic numbers are based on the
spherical jellium model. The model was successful in predicting the gas phase metal clusters and
gallium based metalloid clusters.45-46 For a gold nanomolecule with composition [AuXLY]z, the
electron count can be obtained as follows:

n* = X !Y ! z

Eq. 1.3

Where n* is the electron count, X the number of gold atoms, Y is the number of ligands and z is
the charge of the nanomolecule. X is actually derived as the product of number of gold atoms
and their valency. Ligands on the surface are either electron withdrawing or electron localizing
in nature.45-46 If the electron count of gold nanomolecules is equal to one of the closed electron
shells, then the resulting size is expected to be highly stable. NMs with non-spherical geometries
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do not have magic electronic numbers predicted by spherical jellium model. An example of this
is Au38(SR)24 (abbreviated as Au38).47 Calculations predict that for magic numbers other than
those for spherical geometries, deformed structures are possible.46

Figure 1.10: Graph showing the geometric trend observed for the surface to volume ratio in the
gold nanomolecules. Most sizes fall in close proximity to the nano-scaling law. The trendlines
for the surface to volume ratios of sphere and icosahedron are also shown in the figure. Adapted
from reference 48.
Bulk metal shows the face centered cubic (fcc) structure, while most of the NM cores
contains symmetric platonic solids, which impart additional stability to the structure. Superatom
complex theory fails to explain the stability of many sizes like Au38(SR)24, Au40(SR)24,
Au130(SR)50 and Au144(SR)60 and the importance of geometry in structure stabilization is underrated. From a geometric perspective, there is a trend in the surface to volume (S/V) ratio of
different sizes, which can be roughly estimated by the ratio of gold atoms to ligands. The S/V
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ratio of nanomolecules for different sizes is similar to that of a sphere, pointing towards the role
of geometric compactness described by the nano-scaling law.48 According to this law, the ligand
(L) to gold (N) ratio is predicted by the following equation.

L = 1.82N

2
3

Eq. 1.4

Figure 1.10 shows the geometric trend described by the nano-scaling law. Most of the sizes fall
close to the line with minor deviations suggesting the wide applicability of this theory. Thus the
stability of the gold nanomolecules is a function of both electron shell closing and highly
symmetric geometric structure.
1.11 Polydispersity of gold nanomolecules with increasing size
Ultra small gold nanomolecules are highly monodisperse with precise number of gold
atoms and ligands. With increasing size, the polydispersity of the nanomolecule samples
increases. Figure 1.11 shows the high resolution mass spectra of different gold nanomolecules.
The mass spectrum of Au25(SR)18 in Figure 1.11 is mainly dominated by one species with small
peaks associated with negligible intensity. These small peaks could correspond to other
combination of gold atoms and ligands. In the mass spectrum of Au144(SR)60, the most dominant
peak corresponded to Au144(SR)60, but there were other peaks with considerable intensity that
corresponded to other species around (144,60) composition. With further increase in size, the
mass spectrometry peaks further broadened indicating increased polydispersity. Limited
instrument resolution also contributes to the peak broadening. Based on these broad peaks
observed in mass spectrometry, the range of polydispersity was assigned to larger
nanomolecules. The increased polydispersity with increasing size could be due to more than one
possible stable structure, or the resistance of the structure to small variations in the number of
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gold atoms and ligands. The polydispersity of gold nanomolecules still needs further detailed
investigation and could reveal many interesting factors related to the stability of gold
nanomolecules.

Figure 1.11: High resolution ESI-MS of Au25(SR)18 (1-), Au144(SR)60 (3-), Au329(SR)84 (4-),
Au~500±10(SR) ~120±3 (4-) and Au~940±20(SR) ~160±4 (5-) nanomolecules. The number in the
parenthesis represents the charge state of the nanomolecule in the ESI spectrum. Note that with
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increasing size the peaks become broader due to increasing polydispersity and limited instrument
resolution.
1.12 Organization of the dissertation
Chapter 1 gives a brief introduction to the field of gold nanomolecules. Various synthetic
protocols and analytical techniques used through out this dissertation are discussed in detail. Size
dependent properties of the gold nanomolecules are described. The structure of gold
nanomolecules is explained based on the crystal structure of Au25(SCH2CH2Ph)18. The
theoretical basis for the stability of the gold nanomolecules is explained using the super atom
complex model and geometric parameters.
Chapter 2 includes ligand exchange experiments on gold nanomolecules. Ligand
exchange experiments are used to modify the monolayer of nanomolecules after synthesis.
Ligand exchange reactions are monitored by mass spectrometry. Exploiting the mass difference
of various ligands to monitor ligand exchange reactions is explained. Ligand exchange with
dithiols is covered in this chapter. Interstaple vs intrastaple dithiol binding, optimum chain length
for bidentate binding and effect on optical properties are studied in this project. Ligand exchange
with other chalcogenide ligands like tellurides is discussed briefly.
Chapter 3 covers the core size conversion reactions in gold nanomolecules. When gold
nanomolecules are etched in excess thiols at elevated temperatures, some of the gold
nanomolecules convert to a different size. Such change in core size is called core size
conversion. Core size conversion in the larger and smaller sizes is studied in this project. Etching
reactions are similar to ligand exchange except that they are more rigorous and performed at
elevated temperatures. The use of core size conversion reactions as high yield synthetic protocols
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is explained. Some mechanistic details based on the mass spectrometric results are discussed.
Chapter 4 covers the electrochemical properties of gold nanomolecules. The
electrochemical behavior of gold nanomolecules is probed by voltammetry experiments. Cyclic
voltammetry and differential pulse voltammetry are the primary techniques used for this purpose.
The size dependence of electrochemical properties is demonstrated with different sizes. Solvent
effects and the effect of alloying are also covered in detail.
Chapter 5 covers mass spectrometry of gold nanomolecules. MALDI MS and ESI MS are
the primary analytical techniques used to find the composition of gold nanomolecules. These
techniques are increasingly used for studying synthesis, ligand exchange, alloying and
fragmentation of gold nanomolecules. These techniques have several advantages and
disadvantages for various applications. Applications of mass spectrometry tools for different
applications are discussed with several case studies.
Chapter 6 covers separation of gold nanomolecules by size exclusion chromatography.
Size exclusion chromatography is the most efficient technique for separation of gold
nanomolecules. Separation of different gold nanomolecules using size exclusion chromatography
is described in this chapter. Advantages of size exclusion chromatography over conventional
solvent fractionation techniques are demonstrated with examples.
Chapter 7 highlights the contributions of this dissertation work to the field of gold
nanomolecule research. Possible improvements and future directions of this research are
presented.
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CHAPTER TWO

MODIFYING THE SURFACE MONOLAYER OF GOLD NANOMOLECULES:
INTERSTAPLE DITHIOL CROSS LINKING IN Au25 GOLD NANOMOLECULES
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CHAPTER TWO

MODIFYING THE SURFACE MONOLAYER OF GOLD NANOMOLECULES:
INTERSTAPLE DITHIOL CROSS LINKING IN Au25 GOLD NANOMOLECULES

2.1 Abstract
The properties of gold nanomolecules are determined by the composition and structural
arrangement of the Au-SR core and ligands. The heavy atom core, Au25S18 in
Au25(SCH2CH2Ph)18, dictates the electronic properties and the monolayer ligands dictate the
properties like solubility, reactivity and functionality. Post synthetic modification of the core is
typically not straightforward, but the ligands in the monolayer can be modified, without affecting
the core, using ligand exchange or place exchange reactions. The ligand that needs to be
incorporated into the monolayer is called the incoming thiol or foreign ligand. Ligand exchange
reactions of monothiols are extensively studied in the literature. In this work, using the ligand
exchange reactions, dithiol ligands (containing two thiol groups) are incorporated into the
monolayer. A systematic study of cross linking chemistry of the Au25(SR)18 nanomolecule by
dithiols of varying chain length, HS-(CH2)n-SH where n = 2, 3, 4, 5 and 6, is presented here.
Optimum chain length for bidentate binding, interstaple vs intrastaple binding and the effect on
optical properties are studied. Monothiolated Au25 has six [-RS-Au-SR-Au-SR] staple motifs on
its surface, and MALDI mass spectrometry data of the ligand exchanged nanomolecules show
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that propane (C3) and butane (C4) dithiols have ideal chain lengths for inter-staple crosslinking
and that up to six C3 or C4 dithiols can be easily exchanged onto the cluster surface. The extent
of crosslinking can be controlled by the Au25(SR)18 to dithiol ratio, the reaction time of ligand
exchange, or the addition of a hydrophobic tail to the dithiol. Both optical absorption
spectroscopy and DFT computations show that the electronic structure of the Au25 nanomolecule
is retained after exchange of up to 8 monothiol ligands. Using ligand exchange reactions, other
chalcogenide ligands like tellurides are incorporated into the monolayer of Au25(SR)18
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Author Contributions
Vijay Jupally synthesized Au25(SCH2CH2Ph)18, performed the ligand exchange experiments,
analyzed the samples by mass spectrometry and UV-vis spectroscopy. Rajesh Kota synthesized
N-(1,3-dimercaptopropan-2-yl)hexadecanamide. Eric Dornshuld calculated the relative energies
of different conformers of dithiol ligands with B3LYP/6-311+G** level of theory using
Gaussian09 quantum software package. De-en Jiang calculated the structure and energetics of
Au25 after dithiol exchange using Turbomole V6.0 or parallel resolution-of-identity density
functional theory (RI-DFT) calculations.
2.2 Introduction
2.2.1 Properties of gold nanomolecules
The properties of gold nanomolecules are a function of the core and ligands. The core governs
the optical and electronic properties, while ligands impart properties like solubility, functionality,
and reactivity. For example, if a nanoparticle is used for drug delivery, then the ligands of the
nanoparticle need be tailored so that they can bind to the drug molecule.25 Similar modification
of the monolayer is essential to benefit the practical applications of NMs.
2.2.2 Ligand exchange reactions
Post synthetic modification of the core is typically not straightforward, but the ligands in the
monolayer can be modified, without affecting the core, using ligand exchange or place exchange
reactions.49 In the ligand exchange reactions, as the name suggests, the ligand in the monolayer is
exchanged with a foreign ligand. In the scheme 2.1, gold nanomolecule is first synthesized with
ligand R and then exchanged with ligand R1. The red spheres with black tails correspond to the
ligand R on the NM after the synthesis. The red spheres with blue tails are the foreign ligands R1
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that need to incorporated into the monolayer by replacing R. These are called incoming
thiols/foreign ligands. Upon ligand exchange, the ligands on the nanomolecule are replaced with
these foreign ligands as depicted in the scheme. With reaction time, more of such reactions occur
at the surface of the nanomolecule, increasing the number of foreign ligands in the monolayer.

Au25

Ligand exchange

Au25

Scheme 2.1: A cartoon depiction of the ligand exchange process. The red spheres with black tails
are the ligands on the nanomolecule. The red spheres with blue tails are the incoming
ligands/foreign ligands that need to be incorporated in to the monolayer of the nanomolecules.
During ligand exchange reactions, NMs and foreign ligands are dissolved in a solvent and
stirred at either room temperature or elevated temperature. Note that the foreign ligand is always
added in excess to drive the reaction to the right. Some of the factors affecting the ligand
exchange process are concentration of the foreign ligand, reaction time, reaction temperature and
concentration of nanomolecule. Each of these factors can be varied to achieve control over the
ligand exchange reactions.
2.2.3 Need for ligand exchange reactions
Nanomolecules are synthesized using one-phase or two phase synthesis and then size
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separated to obtain highly pure samples.12, 28 Since direct synthesis can be performed, why would
one turn towards ligand exchange reactions? The direct synthetic protocols are established for
only a few ligands, namely phenylethanethiol, hexanethiol and dodecanethiol. Other ligands are
not explored and the same synthetic protocols are not universal to all the thiolate ligands. Thus,
whenever nanomolecules with new ligands are desired there is considerable process optimization
involved. Even though the process optimization is possible, the reactions are not feasible in every
instance. For example, Au25(SCH2CH2Ph)18 is synthesized using one-phase THF synthesis, but
the same method is not applicable in the case of thiophenol (HSPh). For this reason, whenever
Au25(SPh)18 is needed, ligand exchange is a viable option. Compared to ligand exchange,
synthesis uses a greater amount of ligand, thereby increasing the cost when precious ligands are
involved. Depending on the nanomolecule size and type of monolayer ligand needed, a careful
choice must be made between direct synthesis and ligand exchange reactions.
2.2.4 Ligand exchange with monothiols
Gold nanomolecules are primarily synthesized using monothiolate ligands. Monothiols
comprise one thiol group attached to an aliphatic or aromatic carbon chain. Most of the ligand
exchange work has been done to exchange monothiols in the ligand monolayer with foreign
monothiols50-52 in a one-to-one replacement manner.
Mass spectrometry is the primary tool used for monitoring the ligand exchange reaction
based on the mass difference between the monolayer ligand and the foreign ligand. Figure 2.1
shows the time monitored ligand exchange reaction using MALDI TOF mass spectrometry. In
this reaction Au25(SR)18 with phenylethanethiol (HSCH2CH2Ph, MW = 138.23 Da) is exchanged
with thiophenol (HSC6H5, MW = 110.19 Da). Due to the mass difference in the ligands, a
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nanomolecule with one exchange, i.e Au25(SCH2CH2Ph)17(SPh), is 28 Da lighter in mass than the
unexchanged product and can be distinguished in the mass spectrometry data.
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Figure 2.1: Positive mode MALDI TOF mass spectra of the samples collected at different time
intervals. The mass difference between the consecutive peaks in the samples at 1 h, 6 h and 24 h
is 28 m/z units corresponding to consecutive exchanges. The numbers on the peaks denote the
number of thiophenol ligands in the monolayer. The mass spectra were normalized and offset for
clarity.
In Figure 2.1, the top spectrum shows the MALDI mass spectrum of the starting material.
The number “0” on top of the peak corresponds to the absence of any thiophenol ligands. The
mass spectrum of the 1 h sample shows an envelope of peaks. Consecutive peaks in this
envelope show a mass difference of 28 m/z units corresponding to the mass difference of
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phenylethanethiol and thiophenol ligands (138.23-110.19 = ~28 units). Thus, each of these peaks
corresponds to sequential exchanges. The numbers on top of each peak represent the number of
thiophenol exchanges. For example the peak with number six corresponds to the nanomolecule
of composition Au25(SCH2CH2Ph)12(SPh)6. Similarly, the mass spectra of the 6 h and 24 h
samples show several peaks with increased number of exchanges. Note that a maximum of 16
exchanges were observed in this particular ligand exchange reaction. There is a possible 17th
exchange in the mass spectrum of 24 h sample, but of lower intensity.
2.2.5 Ligand exchange with dithiols
Gold nanoparticles are being used increasing in biological applications that require
chemical stability, solubility in buffer solutions and stability under extreme conditions such as
strongly acidic or basic buffers. Surface passivation of Au nanoparticles by multidentate thiol
binding is shown to improve the colloidal stability.53-62 Poly(ethylene glycol) – PEGylated
multidentate ligands have been used to impart water solubility and minimize nonspecific
interactions.63
Previous reports have documented the synthesis of gold nanoclusters protected by
dithiols.58, 64-65 Aromatic dithiol exchanges on Au25 have been reported before and resultant
nanoclusters are shown to lose the distinct Au25 electronic transitions.66 The exchange of a chiral
aromatic dithiol, binapthyldithiol (BINAS), on Au38 nanoclusters has been reported recently.67
Ligand exchange has been used to introduce new functionality while the core size of the
nanocluster is preserved. 68-71
Ultrasmall nanoclusters such as Au25(SR)18 are nanomolecules that have precise number
of core gold atoms and organic passivating ligands. What is unique about Au25 is its high-
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symmetry centered icosahedral core with six RS-Au-SR-Au-SR motifs (also referred to as the
semi-ring or long staple or staple dimer motif; here we simply call it the staple motif). The
stereochemistry of these six motifs makes exchange of bidentate-binding dithiols on Au25 very
interesting, inviting many unanswered questions. For example, what is the optimal carbon chain
length between the bidentate thiol groups to have the most ready exchange reaction? Are both of
the thiol groups anchored on the gold core? Do dithiols favor inter or intra staple binding? Does
the bidentate binding affect the electronic structure of the nanocluster? To answer these
questions, we used a series of bidentate thiols of increasing linker length from C2 to C6 as shown
in Figure 2.2 to probe the ligand exchange chemistry of Au25. The ligand exchange reactions
were monitored by MALDI-TOF mass spectrometry and UV-vis spectroscopy. Using the data
obtained from these two techniques, the optimum chain length for bidentate binding and the
effect of electronic properties were studied. Also first-principles electronic structure
computations were performed to study the optimum chain length and inter vs intra staple
binding.

HS

HS

SH

1,2-ethanedithiol
HS

SH

1,3-propanedithiol

SH

HS

1,4-butanedithiol

SH

1,5-pentanedithiol
SH

HS

1,6-hexanedithiol
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Figure 2.2: Dithiols with varying carbon linker chain lengths used for the ligand exchange
experiments.
2.3 Experimental methods
2.3.1 Chemicals
1,2-Ethanedithiol (Pfaltz & Bauer, 95%), 1,3-propanedithiol (Aldrich, 99%), 1,4butanedithiol (Aldrich, 99%), 1,5-pentanedithiol (Aldrich, 96%), 1,6-hexanedithiol (Aldrich,
96%), phenylethanemercaptan (SAFC, ≥ 99%), sodium borohydride ( Aldrich, ≥ 99%),
tetraoctylammonium bromide (TOABr) (Acros, 98%). trans-2-[3-(4-tert-butylphenyl)-2-methyl2-propenylidene]malononitrile (DCTB matrix) (Fluka, ≥ 99%). Solvents toluene, methanol,
dichloromethane, acetonitrile and acetone were used from Fisher as received.
2.3.2 Equipment
UV-Visible absorption spectra were recorded in toluene on a Shimadzu UV-1601
instrument. Matrix assisted laser desorption time-of-flight mass spectra were collected on a
Bruker Autoflex mass spectrometer in linear positive mode using a nitrogen laser (337 nm) with
DCTB as a matrix.
2.3.3 Ligand exchange reaction
Au25(SCH2CH2Ph)18 (0.50 mg, 68 nmol) was taken in 0.5 mL of toluene. To this, the
appropriate amount of dithiol corresponding to the specified ratio was added. The stirring rate
used was 500 rpm. Samples were collected at different time intervals during the course of the
reaction. The samples were concentrated by rotary evaporation and washed repeatedly with
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methanol until there was no smell of thiol in the sample. After further rotary evaporation and
dissolution in toluene, MALDI spectra were recorded from a DCTB matrix.
To avoid confusion in the nanomolecule to dithiol ratio, here we use the notation 18:x,
where 18 represents the number of monothiol ligands present in the starting NM, and x
represents the equivalents of dithiol added per starting nanocluster. For example, 18:180
indicates that for every 18 starting ligands, 180 dithiol molecules were added for the ligand
exchange.
Note that ligand exchange of sufficiently long and flexible dithiols (C4 and longer
chains) may lead to cross-linking of multiple nanoclusters, resulting in an insoluble material. The
concentration of the Au25 nanoclusters and excess dithiols are optimized to minimize this crosslinking.
2.3.4 Synthesis of Au25(SCH2CH2Ph)18
HAuCl4.3H2O, dissolved in water, was added to dichloromethane along with the phase
transfer agent TOABr. The mixture was allowed to stir for 30 min at 500 rpm. The excess water
was removed from the reaction, and 2-phenylethanethiol (3 equiv with respect to the Au salt)
was added. The reaction was allowed to stir for 30 min until the solution turned colorless. Then a
solution of sodium borohydride (ca. 12 mol or 48 equiv with respect to the Au salt) in ice-cold
water was added to the reaction mixture. The whole reaction was maintained at 0 degrees for 1 h.
Excess sodium borohydride was removed by washing several times with water and excess thiol
by washing with methanol. Pure Au25(SCH2CH2Ph)18 was separated using solvent fractionation.
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Scheme 2.2: Synthesis of N-(1, 3-dimercaptopropan-2-yl)hexadecanamide (5)
2.3.5 Synthesis of N-(1, 3-dihydroxypropan-2-yl)hexadecanamide (3)
2-Aminopropane-1, 3-diol (2.00 g, 22.0 mmol) and triethylamine (2.26 g, 22.4 mmol)
were dissolved in 250 mL of methanol, and the mixture was cooled to -20 °C. Then, 6.61 g (24.2
mmol) of palmitoyl chloride in 20 mL of THF was slowly added with stirring. The reaction
mixture was stirred for another 3 h at -20 °C, and then overnight at room temperature. The C16serinol compound 3 precipitated and was collected by filtration, washed with methanol, and
crystallized from 95% EtOH, giving 6.52g (90% yield) of white crystals, mp 124.5-125.5 °C
(lit.72 125-125.5 °C ).
1

H NMR (300 MHz) (MeOD) δ 0.91 (t, 3H), 1.30 (m, 26H), 1.62 (m, 2H), 2.2 (t, 2H),

3.6(d, 4H), 3.9 (q, 1H).13C NMR(300 MHz) (MeOD) δ 14.6.0, 23.93, 26.9, 30.5, 30.6, 30.8,
30.9, 32.9, 37.3, 54.5, 61.9, 175.1
2.3.6 Synthesis of S, S’-(2-hexadecanamidopropane-1, 3-diyl) diethanethioate 4
Diisopropyl azodicarboxylate (1.06 mL, 4.75 mmol) was added dropwise to a stirred
solution of PPh3 (1.24 g, 4.74 mmol) in THF (2 mL) at 0° C under nitrogen. After 5 h, a solution
of diol 3 (500 mg, 1.58 mmol) and thioacetic acid (603 mg, 7.92 mmol) in THF (1 mL) was
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added. The reaction mixture was stirred at 0° C for 1 h, and then at room temperature for 1 day.
After dilution with AcOEt (100 mL), the reaction mixture was washed with saturated NaHCO3
(aq), water and saturated NaCl (aq), dried over MgSO4, and concentrated in vacuum. The residue
was purified by silica gel chromatography with hexane:EtOAc (100: 10-50) to give dithioacetate
4 (310 mg, 45%) as a white crystalline solid, mp 85.5-86 (Rf = 0.50, hexane:ethyl acetate 1:1).
1

H NMR (500 MHz) (CDCl3) δ 0.9 (t, 3H), 1.28 (m, 26H), 1.58 (m, 2H), 2.1 (t, 2H), 2.3 (s, 6H),

3.06-3.18 (d x d, 4H), 4.21 (m, 1H), 5.8 (d, 1H). 13C NMR (500 MHz) (CDCl3) δ 14.11, 22.69,
25.61, 29.21, 29.35, 29.50, 29,63, 29.66, 29.69, 30.53, 31.92, 32.17, 36.74, 36.78, 50.09, 50.17,
173.14, 196.20.
2.3.7 Synthesis of N-(1, 3-dimercaptopropan-2-yl)hexadecanamide 5
Deprotection of dithioacetate 4 was accomplished by dropwise addition of 2 mL of
acetyl chloride to a solution of 4 (100 mg, 0.232 mmol) in 10 mL of dry DCM and 2 mL of dry
MeOH at 0° C. The reaction mixture was stirred at room temperature overnight. The solvent was
removed under reduced pressure and the residue was dissolved in DCM, washed twice with 20
mL of 5% NaHCO3, dried over MgSO4, and concentrated in vacuum. The residue was purified
by silica gel chromatography with hexane: ethyl acetate (100:10-40) to yield 5 (20 mg, 30%) as a
white solid. (Rf = 0.50, hexane:ethyl acetate 1:1). This compound was used for the ligand
exchange reaction immediately. 1H NMR (300 MHz) (CDCl3) δ 0.87 (t, 3H), 1.27 (m, 26H),
1.57-1.64 (m+s, 2H + H2O), 2.22 (t, 3H), 2.71 (m, 2 H), 2.94 (m, 2H), 4.20 (q, 1H), 5.7 (d, 1H).
13

C NMR (300 MHz) (CDCl3) δ 14.15, 22.71, 25.74, 26.75, 29.28, 29.35, 29.37, 29.50, 29.67,

29.70, 31.93, 36.87, 51.16, 172.85.
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2.3.8 Computational Methods
Conformations of gas phase dithiols HS-(CH2)n-SH (n=2-5) were explored at the
B3LYP73-75/6-311+G**76-77 level of theory as implemented in the Gaussian0978 quantum
software package. Initial structures were generated by systematically sampling the torsional
space of the C and S backbone. Full geometry optimizations were performed for all unique
permutations of τ(X-C-C-Y) torsional angles (where X,Y = C or S) corresponding to syn (0°),
gauche (±60°) and anti (180°) rotamers. An analysis of the intrastaple S-S distances in the Au25
XRD crystal structure as well as the interstaple first-, second-, and third-nearest neighbor S-S
distances revealed four target R(S-S) range distances potentially suitable for dithiol bridges.
For dithiol conformations with an optimal S-S distance close to or within the target
ranges, a series of relaxed scans were performed to examine how the electronic energy changed
as R(S-S) increased or decreased. In other words, all other geometrical parameters were
optimized for a series of fixed S-S distances spanning the appropriate range. The relative
energies were plotted as a function of the S-S distance to reveal one-dimensional potential
energy curves for the low-energy conformers of each particular dithiol.
The structure and energetics of Au25 after dithiol exchange were computed using
Turbomole V6.0 or parallel resolution-of-identity density functional theory (RI-DFT)
calculations.79 The non-empirical Tao-Perdew-Staroverov-Scuseria (TPSS)80 form of metageneralized gradient approximation (meta-GGA) was used for electron exchange and correlation,
because it has been shown81 that the TPSS functional can describe the aurophilic interactions in
gold clusters and gold complexes better than the local density approximation (LDA), GGA, and
hybrid functionals. The def2-SV(P) orbital and auxiliary basis sets82 were used for all atoms for
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structural optimization. Effective core potentials which have 19 valence electrons and include
scalar relativistic corrections were used for Au.83 The force convergence criterion was set at
1.0×10-3 a.u.
2.4 Results and Discussion
The XRD crystal structure 38, 84 of the Au25(SCH2CH2Ph)18 nanomolecule shows the
presence of 13 Au atoms in the core protected by six –[RS-Au-SR-Au-SR]– staple entities. It is
easily synthesized, stable in air and most common laboratory conditions, possesses distinct UVvis features, and displays a unique HOMO-LUMO gap and a molecular mass of ~ 7400 Da
making it amenable to characterization in commercially available mass spectrometers. Here we
have chosen Au25 as a model system to probe the surface chemistry and interactions of dithiols
with Au surface. Because the changes to Au25 can be measured by a change in mass by mass
spectroscopy, we can obtain concrete information on the surface chemistry, which in the past has
had to rely on expensive and time-consuming instrumentation like Auger, XAFES, etc.
2.4.1 Exchange with 1,3-propane dithiol
Figure 2.3 shows the MALDI MS of Au25(SCH2CH2Ph)18 nanomolecule after ligand
exchange with 1,3-propanedithiol. The masses m of the –SCH2CH2CH2S– and –SCH2CH2Ph
groups are 106 and 137 Da, respectively. If a single dithiol exchanges with one monothiol,
denoted as 1Dà1, then the difference in mass, ∆m, is −30 Da. If a single dithiol exchanges with
two monothiols, denoted as 1D à 2, then ∆m is −168 Da. The green peak marked by 0 is the
original nanoparticle with no exchanges. The red peaks marked by 1, 2, 3, 4, 5, and 6 appear at
successive ∆m’s of −168, and hence correspond to a series of 1D à 2 exchanges, where one
dithiol bridges the positions formerly occupied by two monothiols.

42

Figure 2.3 MALDI MS of Au25(SCH2CH2Ph)18 ligand exchanged with 1,3-propanedithiol. The
green peak corresponds to original Au25(SCH2CH2Ph)18 with no exchanges. The red peaks
correspond to one dithiol exchanging with two monothiols (1Dà2). The numbers denote the
number of such exchanges. The remaining low intensity peaks could not be assigned, but are
expected to arise from multiple 1D à 1 exchanges. The ratio of original nanocluster ligand to
incoming thiol used is 18:1800.
2.4.2 Exchange with 1,4-butanedithiol
Ligand exchange data for butanedithiol are shown in Figure 2.4. The mass, m, of the –
SCH2CH2CH2CH2S– and –SCH2CH2Ph groups are 120 and 137 Da, respectively. The ∆m‘s for
1Dà1 and 1D à 2 are −16 and −154 Da, respectively. Red peaks denoted by 2, 3, 4, 5, 6 and 7
differ by multiples of −154 Da from the mass of the original Au25, corresponding to 1Dà2

43

exchanges. While the red peaks are the most intense, a substantial fraction of blue peaks are also
present that correspond to multiple 1Dà1 exchanges. This is in contrast to propanedithiol, where
only a very minor fraction of smaller peaks appear, and those only at higher exchanges. Figure
2b shows that the maximum number of total exchanges (including 1Dà1 and 1Dà2) proceeds
up to 15 peaks, leaving only 3 unexchanged phenylethyl thiolate ligands.

Figure 2.4 (a) MALDI MS of Au25(SCH2CH2Ph)18 ligand exchanged with 1,4 – butanedithiol.
The red peaks correspond to one dithiol exchanging with two monothiols; the number indicates
the number of such dithiol exchanges. The blue peaks correspond to one dithiol exchanging with
one monothiol. The ratio of original nanocluster ligand to incoming thiol used is 18:1800. (b)
Expanded view of 4 and 5 peaks that shows number of 1Dà2 and 1Dà1 peaks in each set of
peaks. The total number of exchanges are also denoted and proceed up to 15.
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2.4.3 Exchange with 1,5-pentanedithiol and 1,6-hexanedithiol
Figure 2.5 shows the ligand exchange data for Au25(SCH2CH2Ph)18 with 1,5pentanedithiol and 1,6-hexanedithiol. Both the C5 and C6 dithiols show clear 1Dà2 exchanges,
with ∆m of −140 and −126 Da, respectively. Possible 1Dà1 exchanges with C5 and C6 would
lead to ∆m’s of −2 and +12 Da, respectively, but these could not be observed due to limitations
in the instrumental resolution.

Figure 2.5: MALDI MS data for Au25(SCH2CH2Ph)18 exchanged with (a) 1,5-pentanedithiol, or
(b) 1,6-hexanedithiol. The green peak corresponds to original unexchanged Au25(SCH2CH2Ph)18.
The red peaks correspond to one dithiol exchanging with two monothiols; the number indicates
the number of such dithiol exchanges. The ratio of original nanocluster ligand to incoming thiol
used is 18:1800. The mass spectra were normalized and offset for clarity.
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2.4.4 Effect of dithiol ratio
Next, we investigated the effect of the nanomolecule to dithiol ratio on the extent of
ligand exchange. The ratio is denoted by the 18:x notation, where for every 18 starting ligand
groups, x molecules of dithiol are added. The mole ratios of 18:18, 18:180, 18:1800 and 18:5000
were studied as shown in Figure 2.6. The extent of exchange was proportional to the ratio used,
so that the number of exchanges and distribution of exchanges were controllable. Nanomolecules
with mainly one exchange were obtained with the 18:18 ratio. Ratios of 18:180 and 18:1800 led
to a broader distribution of exchanges, and the 18:5000 ratio pushed the ligand exchanges to
mainly 3, 4 and 5 exchanges. Further exchanges are possible, but could not be observed in
MALDI due to solubility issues.

Figure 2.6: Steady-state product of Au25(SCH2CH2Ph)18 ligand exchanged with 1,3propanedithiol as a function of ratio of starting nanocluster to dithiol. The mass spectra were
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normalized and offset for clarity.
2.4.5 Time evolution of exchange
The extent and number of ligand exchanges were also studied as a function of reaction
time. Figure 2.7 shows the progression of ligand exchange with 1,4-butanedithiol with time. As
noted earlier in Figure 2, the C4 data showed many 1Dà 1 peaks in addition to the moreprominent 1Dà 2 peaks. Figure 5 shows that the number of 1Dà1 peaks increases with time.

Figure 2.7: MALDI data of Au25(SCH2CH2Ph)18 ligand exchanged with 1,4-butanedithiol as a
function of time. The mass spectra were normalized and offset for clarity.
2.4.6 Intrastaple versus Interstaple dithiol binding
The experimental results of dithiol exchange above prompts the question how exactly a
dithiol(ate) replaces two monothiolates of the RS-Au-SR-Au-SR staple motifs on the surface of
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the Au25 cluster. Since we know the structure of the Au25 cluster already, this question can be
addressed through electronic-structure computational techniques. One unique feature of the
staple motif is the linear S-Au-S bond, which is a thermodynamically favored bonding mode.85
Therefore, an intrastaple coupling would be likely if it could maintain the roughly linear S-Au-S
bond. This question can be addressed by examining the anion complex between 1,n-dithiolate
and Au(I) as shown in Scheme 2.3 and by asking at what linker length n a linear S-Au-S bond is
best achieved; Figure 2.8 plots the S-Au-S angles in the optimized geometries of the anion
complexes. One can see that once the linker length reaches six (i.e., for 1,6-dithiolate), the S-AuS angle is roughly linear (171o), and a nearly linear angle (179o) can be achieved for 1,8dithiolate. The angle for 1,7-dithiolate is in between (176o). For 1,2-dithiolate the S-Au-S bond is
substantially strained. In fact, intrastaple coupling is unlikely for 1,2-dithiol to 1,5-dithiol; these
dithiols may prefer interstaple coupling. Moreover, 1,6-, 1,7-, and 1,8-dithiols are good
candidates for intrastaple coupling.

Scheme 2.3 Au(I) binds to a dithiolate ligand; the question is what linker length (that is, what n)
best maintains the linear S-Au-S bond.
We have performed a direct computational comparison of intrastaple versus interstaple
coupling for 1,4-dithiols and 1,5-dithiols. Using Au25(SCH3)18- as the parent cluster, we found
that the exchange product Au25(SCH3)16(1,5-pentanedithiolate)- is 9 kcal/mol more stable in the
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interstaple mode (Figure 2.9 a) than in the intrastaple mode (Figure 2.9 b). For 1,4-dithiol
exchange, the interstaple mode is even more stable, by 18 kcal/mol. This computational
comparison clearly shows that the interstaple coupling is favored compared to intrastaple
coupling for 1,5- or shorter dithiols.

Figure 2.8 S-Au-S angle in the optimized structure of the anion complex between Au(I) and 1,ndithiolate (see Scheme 2 for the structure).

(b)

(a)

Figure 2.9: Au25(SCH3)16(1,5-pentanedithiolate): (a) interstaple coupling versus (b) intrastaple
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coupling. (a) is 9 kcal/mol more stable than (b). Au, green; S, blue; C, red; H, not shown.
Interstaple coupling for short dithiols can explain why six exchanges are easily achieved
in the case of 1,3-dithiol or 1,4-dithiol. The reason is that the 18 monothiolates on Au25 can be
divided into two groups: six in the middle of each staple that are farther from the Au13 core, and
12 at the terminals of the six RS-Au-SR-Au-SR motifs. We propose that the preferred exchange
for small dithiolates happens between the middle thiolate of one staple and one terminal thiolate
of a neighboring staple (shown by the upper dashed line in Figure 2.10 a). We call this
interstaple coupling the “middle-terminal” mode. The middle-terminal mode is analogous to the
1st nearest neighbor definition introduced earlier. There is another long-range variant of this
mode that corresponds to 3rd nearest neighbor in the crystal structure (shown by the lower dashed
line in Figure 2.10 a). The six middle thiolates should yield six facile middle-terminal couplings,
as observed in the case of 1,3- and 1,4-dithiols. After six middle-terminal exchanges, then
terminal-terminal coupling (shown by the dashed line in Figure 2.10 b) can happen, which is
analogous to the 2nd nearest neighbor.

Figure 2.10: Proposed mode of inter-staple coupling by a dithiol: (a) middle-terminal coupling
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(upper dashed line) and long-range middle-terminal couping (lower dashed line); (b) terminalterminal coupling (2nd nearest neighbor). (Au, green; S, blue; C and H, not shown).
2.4.7 Is a complete dithiol exchange (9 dithiols exchanging 18 monothiols) possible in Au25?
In principle, one can achieve the full nine exchanges, i.e., six middle-terminal couplings
and three terminal-terminal couplings. Figure 2.11 shows a DFT-optimized structure of a fully
exchanged Au25 cluster with nine 1,3-dithiolates. On can see that the overall geometry of the
Au25 cluster is well maintained; the electronic structure (frontier orbitals and HOMO-LUMO
gap) is also almost unchanged from the Au25(SCH3)18-(data not shown). Of course, in the
experimental conditions, the probability of exchange will decrease significantly after six
changes, as some terminal thiolates may be left too far apart to be coupled after six middleterminal exchanges. However, if the exchange process is reversible and dynamic, we assume that
the cluster will try to lower its energy by achieving the most stable configuration and degree of
exchange. In the case of 1,4-dithiol, one indeed observes 7 exchanges (Figure 2.4 a), but not in
the case of 1,3-dithiol (Figure 2.3). Figure 2.11 indicates that in principle, one can also achieve
more than 6 exchanges for 1,3-dithiol.
In an earlier work on chiral and rigid aromatic dithiol (binapthyldithiol, BINAS)
exchange on Au38 and Au40 nanclusters, we suggest an intrastaple binding.67 It is important to
note the differences between the two systems: a) The current work utilizes Au25, which has six
identical long [-SR-Au-SR-Au-SR-] staples, while the earlier work with Au38 has a mixture of
short [-SR-Au-SR-] and long staples, b) the current work employs flexible aliphatic ligands of
variable chain length while the earlier work utilizes rigid aromatic ligands. In the previous work,
we proposed that the BINAS ligand exchanges with the sulfurs in the short staple only.
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Figure 2.11: DFT-optimized structure Au25(1,3-propanedithiolate)9-. The three dithiolates with
the terminal-terminal coupling mode (T-T) are highlighted; the rest are with the middle-terminal
mode. Au, green; S, blue; C, red; H, black.
To achieve more than six exchanges for 1,3-dithiol, we employed the “like dissolves
like” principle to increase the likeness between the monothiolate and the dithiol(ate), to facilitate
the exchange. We synthesized 5, an analogue of the C3 dithiol with a C15 chain tethered by an
amide group (Scheme 2.2). When a 1,3-propanedithiol replaces two phenylethanethiols, 16
carbon atoms are replaced by 3. When 5 or 6 of such exchanges occur, solubility is dramatically
lowered. When 5 replaces two phenylethanethiols, 16 carbon atoms are replaced by 19, leaving
the solubility of the nanocluster product relatively unaffected. Figure 2.12 shows the MALDI
data of Au25(SCH2CH2Ph)18 exchanged with 5. The intense peaks in the spectra correspond to
1Dà2 exchange with a ∆m of +222 Da. This pattern, with a series of 1Dà2 predominant peaks,
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agrees well with that of the 1,3-propane dithiol data (Figure 2.3). More importantly, we see a
significant increase in 6 and 7 exchanges and a minor peak for 8 exchanges using the C15
analogue.
5 =

Figure 2.12: MALDI MS data of Au25(SCH2CH2Ph)18 ligand exchanged with 5, a propanedithiol
attached to a C15 chain through an amide group. The green peak corresponds to original
unexchanged Au25(SCH2CH2Ph)18. The red peaks correspond to one dithiol exchanging with two
monothiols; the number indicates the number of such dithiol exchanges. The blue peaks
correspond to one dithiol exchanging with one monothiol.
2.4.8 Ligand exchange of Au25(SCH2CH2Ph)18 with 1,2-ethanedithiol
The MS (Figure 2.13) does not show peaks that correspond to either 1Dà 1 (∆m −44) or
1Dà2 (∆m −182). However, the peaks match with exchange of the disulfide dimer of
ethanedithiol as shown in Scheme 2.4 (∆m −90). We propose an intra-staple coupling mode
since this agrees well with our prediction that 1,6-dithiol or longer can have intra-staple
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coupling, and the disulfide bond makes this ligand resemble a 1,6-dithiol. Although we show the
disulfide forming before exchange in Scheme 2.4, it is also conceivable that two 1Dà 1
exchanges occur first, followed by oxidative coupling of the dangling thiolates to make the
disufide bridge.

Figure 2.13 MALDI MS data of Au25(SCH2CH2Ph)18 ligand exchanged with 1,2-ethanedithiol.
The green peak corresponds to original Au25(SCH2CH2Ph)18 with no exchanges. In solution, two
molecules of 1,2-ethanedithiol combine to form a disulfide (HS-CH2-CH2-S-S-CH2-CH2-SH).
Peak 1* corresponds to one such disulfide replacing two monothiols. The numbers on the peaks
correspond to the number of disulfides replacing two monothiols each. Please refer to Scheme 3.
The peaks that are heavier than original Au25 are unidentified.
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-SCH2CH2Ph
-S in nanocluster
Au
S in ethane dithiol
C in ethane dithiol
Scheme 2.4: 1,2–Ethanedithiol forming disulfide before undergoing ligand exchange with
Au25(SCH2CH2Ph)18.
2.4.9 Sulfur-Sulfur distances
The ranges of first-, second-, and third-nearest neighbor interstaple S-S distances in the
crystal structure of Au25 are denoted in Figure 2.14 by arrows at 3.69-4.50 Å, 4.64-5.49 Å, and
7.08-8.46 Å, respectively. The intrastaple target range is located at 4.61-4.65 Å. These target
ranges allow the prediction of which dithiols are candidates to make dithiol bridges on Au25
staples. The interstaple third-nearest neighbor range is likely underestimated due to steric
interactions from nearby atoms spatially prohibiting a direct dithiol bridge linkage.
The effect of the S-S distance on the gas-phase dithiol conformer energy shows which
conformers are candidates for forming interstaple and intrastaple bridges in Au25. The target
energy for a likely bridge candidate is within 2 kcal mol-1 of its global minimum.
One C2 conformer (Figure 2.14) has a minimum within the first nearest neighbor target
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range of 3.69-4.50 Å, suggesting candidacy for nearest-neighbor S-S bridging. However, this
particular conformer has a torsional angle τ(S-C-C-S) of approximately 180°, which means the
two carbons would encroach on the intervening Au atom even though the S-S separation is
favorable. Another low-energy conformation can be found near R(S-S) = 3.41 Å. This structure
has a more favorable τ(S-C-C-S) of 65° for interstaple alignment, but placing the S atoms at the
closest target distance of 3.69 Å increases the energy by about 2 kcal mol-1.

Figure 2.14: Relative energies (ΔE) and interstaple S-S distances, R(S-S), of the low energy
conformers of C2, C3, C4, and C5, where the 1st, 2nd and 3rd nearest neighbor (NN) ranges are
indicated by the arrows.
Several low-energy C3 conformers (Figure 2.14) have multiple S-S separations that fall
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within the first- and second nearest neighbor ranges of 3.69-4.50 Å and 4.64-5.49 Å as well as
the intrastaple target range of 4.61-4.65 Å. The energies of all sampled conformations rapidly
increase for larger values of R(S-S), and it appears that propane dithiol is too short to bridge the
third-nearest neighbor sulfurs. Several low-energy C4 conformers (Figure 2.14) have S-S
separations that fall within the second nearest neighbor range of 4.64-5.49 Å [not shown in
Figure 2.14] as well as the intrastaple target range of 4.61-4.65 Å. The energies of the C4
conformers rapidly increase for smaller and larger values of R(S-S) suggesting that they are not
good candidates for 1st or 3rd nearest neighbor bridging. Several low-energy C5 conformers have
multiple S-S separations that align well with the target range for interstaple bridging between
third nearest neighbors. These computational results are consistent with the lack of experimental
evidence for dithiol bridging in C2.
2.4.10 Effect of dithiol exchange on the electronic structure of Au25
We investigated if the cross-linking of two staple moieties by dithiols affects the
electronic structure of the Au25 nanomolecules. To this end, aliquots of samples were obtained
over time and purified to remove dithiols. The optical spectra of these processed dithiol
exchanged aliquots were recorded and then mass spectra were obtained, as shown in Figure 2.15.
First, we note that the optical density of the processed Au25 nanoclusters decreased with time,
suggesting loss of soluble material. The decrease in concentration of soluble Au25 is likely due to
multiple reasons; a) inter-nanocluster crosslinking may lead to insoluble oligo/poly-mers, b) Au25
nanoclusters stirred for longer durations (several hours) in the presence of excess thiol may
convert to Au(I) thiolate species, c) purification of sample aliquots to remove excess thiol before
optical measurements will lead to some loss of Au25.
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Figure 2.15: Changes in (a) UV-vis electronic transitions of Au25(SCH2CH2Ph)18 in toluene as a
function of ligand exchange with 1,4-butanedithiol, as shown by (b) MALDI MS data. The
starting ligand to dithiol ratio was 18:1800. Aliquots of the reaction mixture were purified to
remove excess thiol before UV-vis and MALDI measurements were made. The mass spectra and
UV-vis absorption spectra were normalized and offset for clarity.
Second, and more importantly, we note that the fine spectral features of Au25 are not
affected significantly even after 1, 2 and 3 exchanges have occurred with 1, 4-butane dithiol. In
other words, despite the decrease in optical density, the electronic features of Au25 are preserved
even after dithiol exchange. This contradicts an earlier report where the ligand exchange of Au25
with toluene-3,4-dithiol results in a complete loss of electronic features.66 The aromatic dithiol
employed in the earlier work is much more rigid compared to the series of aliphatic dithiols,
specifically the 1,4-butane dithiol used in Figure 2.15 here. It would appear that the rigidity of
the dithiol might play a role in how the electronic structure is affected by ligand exchange.
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However, it is more likely that the Au25 ligand exchange with aromatic thiols (unpublished
results) leads to decomposition of the Au25 nanoclusters, as suggested in the earlier report.66
To corroborate our US-vis results, we calculated the electronic-structure change as the number of
exchanges of 1,4-butanedithiol on the Au25 cluster increased. The unexchanged Au25(SCH3)18cluster has a HOMO-LUMO gap of 1.36 eV, together with roughly triply-degenerate HOMOs
and doubly-degenerate LUMOs. With increasing number of 1,4-butanedithiol exchanges for –
SCH3, there is a slow narrowing of the HOMO-LUMO gap and slight perturbations of the
HOMO and LUMO levels. But the basic features of the electronic structure of the Au25 cluster
remain unchanged, in clear agreement with the experimental UV-vis results from Figure 2.15.
Table 2.1: HOMO-LUMO gap for 1,4-butanedithiol-exchanged Au25(SCH3)18- and energy levels
of frontier orbitals (all in eV)
Cluster
Au25(SCH3)18Au25(SCH3)16 (BDT)1Au25(SCH3)14 (BDT)2Au25(SCH3)12 (BDT)3Au25(SCH3)10 (BDT)4-

HOMO-LUMO Gap
1.36
1.35
1.31
1.31
1.30

HOMO levels
-2.12, -2.10, -2.08
-2.12, -2.09, -2.09
-2.12, -2.09, -2.07
-2.11, -2.10, -2.06
-2.12, -2.10, -2.07

LUMO levels
-0.72, -0.69
-0.73, -0.70
-0.76, -0.70
-0.75, -0.72
-0.77, -0.73

2.5 Ligand exchange with chalcogenides
Gold-thiolate systems have been extensively studied using self assembled monolayers
(SAMs) and nanomolecules.2-3 Gold-selenide and gold-telluride systems are also of high interest
and deserve detailed investigation. Direct synthesis of gold nanomolecules using selenide and
telluride ligands is achievable but ligand exchange can be employed as an alternative route.
Similar to gold-thiolate nanomolecules, other gold-chalcogenide nanomolecules are expected to
stable and have interesting properties. Simultaneous to our work, recently there have been a few
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reports on gold-selenide and gold-telluride systems.86-89 Gold-selenide systems demonstrate
greater stability in solutions than gold-thiolate systems. When the ligand dissociation
temperature is studied using thermal gravimetric analysis (TGA), thiolate systems are more
stable than the selenolate systems.87 These chalcogenide ligands also affect the core of the gold
nanomolecules, thereby altering their electronic properties.86 Such tunability is always desired
for applications like catalysis and energy applications.90

Figure 2.16: Positive mode MALDI spectra of aliquots collected from the ligand exchange
reaction of Au25(SCH2CH2Ph)18 with diphenylditelluride.
Au25 is used as a model system to study the feasibility of selenide and telluride
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incorporation into the ligand monolayer of gold nanomolecules. Using ligand exchange
reactions, several telluride ligands were introduced into the ligand monolayer and monitored by
MALDI-TOF mass spectrometry. Diphenylditelluride was used for the ligand exchange
reactions.
For the ligand exchange experiments, 1 mg of Au25(SCH2CH2Ph)18 was dissolved in 1
mL of toluene and the telluride ligand was added in required amount. The amount of foreign
ligand was varied to increase the number of exchanges in the solution. Aliquots from the reaction
were dried, washed with methanol and analyzed using MALDI-TOF mass spectrometry.
Figure 2.16 shows the MALDI mass spectra of the aliquots collected from the ligand
exchange of Au25(SCH2CH2Ph)18 with diphenylditelluride. The ratio of
phenylethanethiol:incoming thiol was 1:100. The sample collected at 35 min only shows one
exchange. After 20 h a maximum of 3 exchanges were observed. With increasing time no further
exchanges were observed up to 48 h.
2.6 Conclusions
In summary, several homologues of the alkane dithiol series were used for the ligand
exchange experiments with the Au25(SCH2Ph)18- nanomolecule. The extent of exchange
reactions, monitored via mass spectrometry, depends on chain length, concentration of the dithiol
and reaction time. A direct energy comparison of the interstaple versus intrastaple binding is
made in support of the interstaple binding. Behavior of individual dithiols in such reactions is
also verified computationally and presented in parallel to the experimental data. Propanedithiol
(C3) and butanedithiol (C4) have optimal chain lengths for interstaple binding onto the
nanoparticle surface, achieving more than six interstaple binding. Pentanedithiol (C5) and
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hexanedithiol (C6) also participate in these reactions to a lesser extent, while ethanedithiol (C2)
does not have optimal chain length for bidentate binding. Moreover, analysis of the S-Au-S angle
for the dithiols and formation of the disulfide bond from C2 during exchange indicate that
intrastaple binding is likely for C6 or longer dithiols. Further, probing the electronic properties of
the post-exchange samples through UV-vis measurements shows the conservation of electronic
properties. Efforts are to be made in the direction of controlled and complete exchange of such
multidentate ligands on to the nanocluster surface.
Using the ligand exchange experiments, it is demonstrated that telluride ligands can be
incorporated into the ligand shell of gold nanomolecule. This is only a proof of concept and a
systematic study with different types of telluride ligands and different reaction conditions need to
be explored. These series of experiments prove that the ligand exchange can be employed as a
alternative route for synthesis. Functionalized ligands like fluorescent ligands or ferrocene
analogues for enhanced electrochemical properties can be incorporated on different nanoparticles
using ligand exchange experiments. Using the same principles, ligand exchange can be used for
many other different ligands on different type of gold nanomolecules, opening a wide area of
research.
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CHAPTER THREE

CORE SIZE CONVERSION IN METAL NANOCLUSTERS : ALTERNATIVE
SYNTHETIC ROUTE FOR HIGH YIELD SYNTHESIS OF STABLE METAL
NANOMOLECULES

Part of the text and figures in this chapter are extracted from the following publications:
Jupally, V. R.; Dass, A. Phys. Chem. Chem. Phys. 2014, 16, 10473.
Nimmala, P. R.; Jupally, V. R.; Dass, A. Langmuir 2014, 30, 2490.
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CHAPTER THREE

CORE SIZE CONVERSION IN METAL NANOCLUSTERS : ALTERNATIVE SYNTHETIC
ROUTE FOR HIGH YIELD SYNTHESIS OF STABLE METAL NANOMOLECULES

3.1 Abstract
Synthesis of gold nanomolecules yields polydisperse samples. Etching reactions are used
to decrease the polydispersity by heating the sample in excess thiol at elevated temperatures.91
Stable sizes survive the etching process and metastable sizes decompose to gold-thiol
polymers.92 During etching reactions, while some sizes decompose to gold-thiol polymers, other
sizes convert to stable NMs. This change in the core size of unstable sizes to form highly stable
nanomolecules is called core size conversion.35 These core size conversion reactions were
monitored by mass spectrometry tools. In this work, core size conversions in smaller and larger
nanoclusters are studied. When a mixture of nanoclusters larger than 40 kDa was etched in
excess thiol, Au130(SR)50 was formed. This phenomenon was observed with phenylethanethiol,
hexanethiol and dodecanethiol. Au130(SR)50 was isolated from the final crude mixtures using size
exclusion chromatography and characterized by different analytical techniques like UV-vis
absorption spectroscopy, voltammetry and powder X-ray diffraction. This 130-metal atom
nanomolecule is highly stable, as indicated by the formation of Au130-x(Metal)x(SR)50, where and
Au40 were always observed together in etching reactions. Au67, Au~103-105 and clusters smaller
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than Au67 were etched systematically to study the formation of Au38 and Au40. Core size
conversion reactions showed that Au67 and Au~103-105 cores converted to Au40 and clusters
smaller than Au67 converted to Au38. A possible mechanism of the core size conversion reactions
R=CH2CH2Ph, C6H13, C12H25 and Metal = Ag, Pd. To study core conversion in smaller sizes,
clusters smaller than Au144 were etched in excess thiol to form Au38 and Au40. However, Au38 is
proposed based on the mass spectrometry results. Such core size conversions can be used as high
yield synthetic protocols for synthesizing Au130(SR)50, Au38(SR)24 and Au40(SR)24
nanomolecules.
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3.2 Introduction
3.2.1 Polydispersity of gold nanomolecules
Direct synthesis always yields a mixture of different sizes and several efforts are made to
eliminate the polydispersity of the nanomolecules during synthesis. While it is impossible to get
highly monodisperse samples from synthesis, the synthetic conditions can be tuned to yield
products with one size dominant over several other sizes.30 For this reason, it is highly essential
to understand the effect of several variables involved in the synthesis like, gold: thiol ratio,
choice of solvent, gold: reducing agent ratio etc.
3.2.2 Achieving monodispersity in gold nanomolecules
A polydisperse mixture can be further size separated into highly monodisperse samples.
Solvent fractionation and size exclusion chromatography (SEC) are the two primary separation
techniques used for this purpose. Solvent fractionation is based on the varying solubility of
different nanomolecules in different solvent mixtures.16 Based on these solubility properties,
several sizes of gold nanomolecules can be separated from a polydisperse mixture using the right
combination of solvents.
While solvent fractionation does not offer much control and is based on solubility, size
exclusion chromatography (SEC) is an alternative separation method with better control. In SEC,
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a polydisperse mixture is passed through a column packed with polystyrene divinylbenzene
beads. The packed beads have pores of several sizes and the NMs take different paths based on
their hydrodynamic volume, resulting in separation. Typically, larger sizes elute first and the
smaller sizes elute later, thereby separating from each other.34
3.2.3 Etching as a size selective process
Samples with large size distribution and closely related sizes are difficult to separate. A
mixture of Au25(SR)18 and Au144(SR)60 is easy to separate compared to a mixture of Au25(SR)18,
Au38(SR)24 and Au144(SR)60. Thus, it is important to have a mixture with a small number of sizes
for easier separation.
Etching narrows down the size distribution of a sample by eliminating the metastable
species. Under the harsh conditions, only the stable nanomolecules survive while unstable sizes
decompose. The concept of etching originated from surface assembled monolayers (SAMs),
where surface gold atoms are lost when thiols are adsorbed onto the SAMs surface.93 Whetten
and coworkers extended this concept of etching to gold nanomolecules,91 which are 3D
analogues of SAMs. Recently, Murray’s and Tsukuda’s groups used etching to synthesize
Au144(SR)60 and Au38(SR)29.92, 94 This well established method with a long history was described
by Jin and coworkers with a new name, “size focusing”, in the synthesis of Au38(SR)24 in high
yield.95 During etching, metastable nanomolecules decompose to gold-thiol aggregates that are
insoluble in any solvents and are observed as off-white precipitates in the reaction flasks.
Whetten and coworkers proved the presence of gold in the residual precipitate in the reaction
flasks. Upon burning this insoluble material, gold films were observed.91 Figure 3.1 shows the
progress of an etching reaction monitored by MALDI TOF mass spectrometry. The crude
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mixture (labeled as control) contains several sizes of gold nanomolecules. After 6 h of etching,
only two main species are observed: Au144 and Au38. The two sets of peaks observed in the lower
mass in the 2 h and 6 h samples correspond to fragments of Au38(SR)24. The species denoted by
asterisks in the crude product disappeared upon etching. This demonstrates the use of etching as
a size selective process.

Figure 3.1: Positive MALDI mass spectra of the etching reaction. The crude product has several
species (marked by asterisks) that do not survive the etching process.
It is important to understand the stability of gold nanomolecules during etching. Some
sizes of gold nanomolecules are highly stable to etching while other sizes decompose.96 The
stability of gold nanomolecules can be measured in terms of solution stability and thermal
stability. Solution stability refers to the stability of the different sizes in a reaction at room
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temperature. Thermal stability is the stability of gold nanomolecules at elevated temperatures
(~80°C) , as in etching reactions. For different sizes, these stabilities vary drastically. In a onephase THF synthesis, Au25(SR)18 is highly stable after 2 days.30 However, when etched,
Au25(SR)18 decomposes quickly within few hours. This proves that Au25(SR)18 has very high
solution stability and very low thermal stability. The difference in thermal stability of different
gold nanomolecules makes etching a size selection process. For example when a mixture of
Au67(SR)35 and Au144(SR)60 is etched, the former decomposes and Au144(SR)60 is left in the
reaction mixture.
3.2.4 Core size conversion
During etching reactions, along with the size selection process, new sizes of
nanomolecules are observed in some cases. These new sizes observed in the etching process are
not present in the starting material and evolve from the core sizes present in the starting material.
This process is therefore named core size conversion. It has been anticipated during the etching
process for a long time now, but there has been no clear experimental evidence in the literature.
In this project, a new core sized nanomolecule, Au130(SR)50, is observed during the
etching reactions.35 Au130(SR)50 (MW = 32467 Da with phenylethanethiol ) is absent in the
starting material used for etching and evolves with time. This clearly proves that Au130 is formed
by core size conversion. However, the question still remains, do the smaller (than Au130) or
larger (than Au130) sizes core-convert to Au130, or all of them convert to Au130? To further
investigate this, nanoclusters larger than 40kDa were isolated and etched. Upon etching, these
larger clusters core converted to Au130(SR)50. The same core conversion process was also
observed with hexanethiol and dodecanethiol ligands. Au130(SR)50 was formed in the etching
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reactions, and therefore, is highly stable under harsh chemical conditions. The special stability of
the 130-metal atom nanomolecule is indicated by the formation of Au130-x(Metal)x(SR)50, where
R=CH2CH2Ph, C6H13, C12H25 and Metal = Ag, Pd. Though Au130(SR)50 has been reported before
using small scale analytical HPLC column separation, no clear synthetic route has been available
so far to synthesize the nanomolecule in large quantities.97 In this project we developed a
synthetic route, via a core conversion process, a) to make Au130(SR)50 in scalable quantities, b) to
eliminate the interference of Au144(SR)60 during SEC separation, and c) to synthesize Au-Ag
alloy systems and Au-Pd alloy systems of this 130 metal atom species. Also, AuxAg130-x(SR)50
with two different Au:Ag precursor ratios was isolated and characterized in this work. The
mechanism of the core size conversion process was also investigated and a mechanism is
proposed based on the experimental evidence.
3.3 Experimental methods
3.3.1 Chemicals
Phenylethanemercaptan (SAFC, ≥ 99%), hexanethiol (Fluka), n-butanethiol (Acros),
sodium borohydride (Acros, 99%), trans-2-[3[(4-tertbutylphenyl)-2-methyl-2propenylidene]malononitrile (DCTB matrix) (Fluka ≥ 99%) were used as received.
Tetrahydrofuran (stablized) and other solvents like toluene, methanol, acetonitrile and acetone
were used from Fisher as received. Biorad-SX1 beads from Biorad were used for the SEC.
3.3.2 Equipment
UV-visible absorption spectra were recorded in toluene on a Shimadzu UV-1601
spectrophotometer. Matrix assisted laser desorption ionization (MALDI) time-of-flight mass
spectra were collected on a Bruker Autoflex mass spectrometer in linear positive mode using a
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nitrogen laser (337 nm) with DCTB as a matrix. ESI-MS spectra were acquired using a Waters
SYNAPT HDMS instrument. Electrochemical measurements were performed on a CHI 620
instrument using 10 mg of Au130(SCH2CH2Ph)50 compound in 6.5 mL of anhydrous 1,2dichloroethane solution with 650 µM BTPPATBF20 as supporting electrolyte under nitrogen
atmosphere. Powder XRD measurements were performed on a Bruker D8-Focus XRD
instrument on a quartz substrate. Sample (8 mg) was dissolved in a minimal amount of toluene
and deposited on the substrate and air-dried prior to the measurements.
3.3.3 Synthesis of crude material
HAuCl4 (0.5 g, 0.88 mmol) dissolved in 20 mL of distilled water was added to TOABr
(0.6 g, 1.1 mmol) in 30 mL toluene in a round bottom flask. The contents were mixed for 30 min
at 500 rpm until all the gold salt transferred to the organic layer. Then, stirring was ceased and
the contents were transferred to a beaker. The reaction flask was cleaned with acetone and airdried. The organic layer was then transferred into the reaction flask and phenylethanethiol (0.112
mL, 0.88 mmol) was added and the mixture was stirred for 30 min at 500 rpm. The reaction
flask was transferred into ice bath while the stirring was continued for the next 30 min. NaBH4
(0.75 g, 19.8 mmol) in 20 mL ice-cold distilled water was added to the reaction mixture in one
portion. Upon addition of the NaBH4, the reaction mixture turned dark, indicating the formation
of nanoparticles. Reaction was stopped 3 h after the sodium borohydride addition. The aqueous
layer was pipetted out and the non-aqueous contents were dried by rotary evaporation. The
resulting product was washed with methanol three times by centrifugal precipitation and dried by
rotary evaporation. The resulting products were analyzed by MALDI-TOF MS. For synthesizing
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crude product with Au-Ag, the same procedure was followed except that different ratios of
Au:Ag were used instead of HAuCl4 alone. AgNO3 was used as the source of Ag.
3.3.4 Solvent fractionation
Toluene/THF and methanol were used for all the solvent fractionation steps. In a solvent
fractionation step, the contents were first dissolved in about 1 to 1.5 mL of toluene or THF and
methanol was added slowly using a pipette. Once a precipitate was observed in the vial, the
contents were centrifuged and the supernatant was separated from the precipitate. This step was
done carefully to avoid cross contamination between supernatant and precipitate. The separated
fractions were then analysed by MALDI-MS for the first estimate of the separation. The purpose
of solvent fractionation is to isolate clusters larger than 40 kDa (>40 kDa sample) and etch them.
This will ensure the absence of 144-atom clusters, eliminating the need for the difficult
separation of 130-atom species from 144-atom species. The same procedure was used for
isolation of >40 kDa sample from Au-Ag crude product.

Scheme 3.1: Various steps involved in the synthesis of Au130(SR)50
3.3.5 Thermochemical treatment of the clusters >40 kDa
To the > 40 kDa sample obtained after solvent fractionation (200 mg), 0.800 mL of
phenylethanethiol was added and the mixture was heated at 85 °C and 300 rpm. To monitor the
progress of the reaction, aliquots from the reaction were collected with time, washed with
methanol by centrifugal precipitation, and analyzed by MALDI-TOF MS. The etching was
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stopped when the 32 kDa cluster (130-atom species) was the most dominant species in the
MALDI spectra.
3.3.6 Size exclusion chromatography
SX1 beads from Biorad were soaked in stabilized THF overnight. Stabilized THF was used as
eluent and various fractions were collected. The fractions were analyzed by MALDI-TOF to
determine the composition. For 300 mg of HAuCl4 used, 20 mg of Au130(SR)50 and 12 mg of
Au130-xAgx(SR)50 were obtained. The yield of a typical core size conversion reaction was 8.5 %
to 10.5% on a Au atom basis. The yield for the Au-Ag reactions was not calculated, as the total
amount of Ag present in the alloy samples could not be determined quantitatively.
3.4 Results and Discussion
3.4.1. Core size conversion of larger (>40 kDa) clusters
Polydisperse samples were reacted with excess thiol at elevated temperatures during
etching.91 Stable core sizes survived the process while the metastable ones perished. Similar
results have been reported for gold clusters with phosphine ligands.98 Also, clusters of several
other metals were synthesized using this method. To obtain pure Au130(SR)50, samples >40 kDa
were etched in excess thiol at 85°C. Typically, 100 mg of sample was etched with 0.4 mL of
thiol. Figure 3.2 shows the progress of an etching reaction with time monitored by MALDI-TOF
mass spectrometry. The crude mixture at 0 h contained clusters larger than 40 kDa with no
Au130(SCH2CH2Ph)50 or Au144(SCH2CH2Ph)60. With time, a new core sized nanomolecule,
Au130(SCH2CH2Ph)50 was formed which was not present in initial product. Mass spectrometry
data shows the accumulation of Au130(SCH2CH2Ph)50 with time in the reaction mixture. This
clearly shows that larger clusters (>40 kDa) are core converting to form Au130(SCH2CH2Ph)50.
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The stability of Au144 and Au137 should be mentioned at this point. When the crude products from
the synthesis were etched prior to the isolation of clusters larger than 40 kDa, a mixture of Au130,
Au137 and Au144 is obtained. This suggests the stability of Au144 and Au137 nanomolecules during
etching. It should be noted that the etching of clusters smaller than Au144 gave Au38, Au137 and
Au144 as the final products, reinforcing the same point that Au137 and Au144 are stable during the
etching process.

Figure 3.2: MALDI mass spectra of the samples collected at several time intervals from etching
of larger (>40 kDa) clusters. Note that Au130(SR)50 is absent initially. Au130(SR)50 is formed by
the core size conversion of larger (> ~200 atom) nanoclusters Asterisks indicates metastable
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clusters. Peak labeled $ in 12 h, 36 h and 48 h samples corresponds to a 76.3 kDa
nanomolecule,99 which is stable throughout the etching process. The mass spectra were
normalized and offset for clarity.
At 12 h, some meta-stable clusters still existed in the reaction mixture so the etching was
continued. The meta-stable clusters were found at 43.6, 89.2, 113.3 and 140.7 kDa,
corresponding to ~220, 450, 570, and 710-atom species respectively. After about 36 h, the
MALDI spectrum was dominated by a peak at ~32 kDa (130-atom nanomolecules). The reaction
was stopped after 48 h and processed. The time frame of the reaction was dependent on the
initial product and varied for different reactions. The previously reported 76.3 kDa nanomolecule
(~320-atoms) was also observed in these reactions.99-100 A 32 kDa species was isolated using size
exclusion chromatography (SEC) and analyzed by ESI-MS. From the ESI-MS data, the
nanomolecule was confirmed to be Au130(SR)50. The core size conversion from >40 kDa clusters
to Au130(SR)50 was confirmed with phenylethanethiol, hexanethiol and dodecanethiol ligands.
The etching of larger clusters with either phenylethanethiol, hexanethiol or dodecanethiol
resulted in the formation of Au130(SR)50 by core size conversion as shown in Figure 3.3. Note
that the synthesis and etching was carried out using the same ligand.
The molecular weight of Au130(SCH2CH2Ph)50 is 32,467 Da. MALDI-TOF MS generally
produces 1+ ions and therefore shows peaks in the 32 kDa region. However the peaks at this
high mass are generally broad, with a fwhm of 1,000 m/z as shown in figure 3.2. This makes the
MALDI spectrum unsuitable for determination of composition, in terms of number of Au atoms
and ligands. Electrospray ionization mass spectrometry (ESI-MS) generally yields multiply
charged peaks. As these multiply charged peaks appear at a lower mass range, they are better
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resolved than the molecular ions, there by allowing the assignment of composition of
nanomolecules. Figure 3.3 shows the 3+ region of the Au130(SCH2CH2Ph)50 nanomolecules, at
10,822 m/z (32,467 / 3). Figure 3.3 shows all the different Au130-x(Metal)x(SR)50 nanomolecules
prepared, where R = -CH2CH2Ph, -C6H13, -C12H25 and Metal = Pd and Au. Using the mass
difference between the peaks corresponding to Au130(SR)50 with phenylethanethiol, hexanethiol
and dodecanethiol, the number of ligands was calculated. For both hexanethiol and dodecanethiol
ligands, the number of ligands was confirmed to be 50, which adds confidence to the assignment.
This also confirms that Au130(SR)50 is the product of core conversion in all three ligand systems.
Compositional isomers, in short “Composomers” have the same number of total metal atoms and

Figure 3.3: Positive mode ESI-MS mass spectra showing 3+ region of Au130(SR)50 with several
ligands phenylethanethiol (PC2), hexanethiol (C6), dodecanethiol (C12), Au130-xAgx(SR)50 and
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Au130-xPdx(SR)50. The alloy nanomolecules were synthesized with phenylethanethiol. The
purpose of this figure is to show that a) the core size conversion works with various ligands and
alloy systems, b) the 130-atom core has special stability associated with its structure. The mass
spectra were normalized and offset for clarity.
ligands, while the number of individual type of metal atoms vary.101 Composomers of this 130metal atom nanomolecule were prepared by the same core size conversion method.
Au116Ag14(SR)50 and Au118Ag12(SR)50 are examples for 130-metal atom composomers. Here, the
total number of metal atoms is 130. But the numbers of gold and silver atoms vary. Several alloy
nanomolecules are evident in literature.9, 102-106

Figure 3.4: Positive mode ESI MS of 3+ peaks for two different Au:Ag precursor ratios. Upon
increasing the Au : Ag ratio to 1 : 0.15, Au125Ag5(SCH2CH2Ph)50 was the major peak observed.
The mass spectra were normalized and offset for clarity.
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3.4.2 Core size conversion in AuAg alloy nanoclusters
The core size conversion process was also tested in the alloy systems as mentioned
before. In the past, our group has reported synthesis of Au144-xAgx(SR)60 and Au38-xAgx(SR)24.102103

In these reports, a mixture of HAuCl4 and AgNO3 was used in the Brust-Schiffrin method to

produce alloy nanomolecules. Using the same synthetic protocol, crude product was synthesized.
Then, clusters larger than 40 kDa were isolated and etched. Upon etching, Au130-xAgx(SR)50 was
formed in the reactions. This indicates the validity of the core size conversion phenomenon in
alloy systems. Figure 3.4 shows the positive mode ESI MS of Au130-xAgx(SR)50 formed by two
different Au:Ag precursor ratios. At 1 : 0.1 Au : Ag ratio, Au130(SCH2CH2Ph)50 was the major
peak in ESI MS with a maximum of about 3 silver atom incorporations. When the Au : Ag ratio
was increased to 1 : 0.15, the number of silver atoms incorporated increased, with
Au125Ag5(SCH2CH2Ph)50 being the most intense peak. But the maximum number of silver atom
incorporations was 20. With Au : Ag ratio of 1 : 0.1, some peaks to the left of Au130(SR)50 were
observed. These are assigned to metal cores comprising 131 atoms. Upon further increase in the
Au:Ag precursor ratios, there was no Au130-xAgx(SR)50 observed in the reaction mixtures. This
could be because of the instability of the 130-metal atom clusters upon increased silver
incorporation. Similar stability issues with higher silver incorporations were also observed for
Au144-xAgx(SR)60 and Au38-xAgx(SR)24. However, the fact that the130-metal atom composition
allows alloying with silver atoms to an extent indicates its high stability, which in turn is a result
of its geometry and structure. The doping of gold nanomolecules with palladium, platinum and
silver has been reported to increase stability and catalytic activity. Here we note that the
composition Au130(SR)50 has been reported recently by the Negishi group.97 The purpose of our
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work and the preparation of 130-metal atom nanomolecule composomers is to a) establish a
synthetic protocol for scalable synthesis b) demonstrate the reproducibility of the core-size
conversion process c) show the special stability of the130-metal atom core under various
conditions like high temperatures, varying monolayer ligands and alloys and d) isolate and
characterize Au130-xAgx(SR)50.

Scheme 3.2: Core size conversion of larger nanoclusters to form Au130(SR)50. Breakdownreaggregation approach where the metal atoms and ligands recombine with nanomolecules to
form monodisperse nanomolecules.
3.4.3 MS data based core size conversion and proposed mechanism
In scheme 3.2, the starting material represents the polydisperse clusters larger than 40
kDa, which is the 0 h sample in Figure 3.2. This mass spectrometry data provides clear evidence
that the larger clusters (>40 kDa) are core converting to Au130(SR)50 during etching. During
etching, Au-SR aggregates are the expected by-products. However, the by-products in the
etching of alloy clusters might be different and this needs further study.
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For the formation of Au130(SR)50, larger nanoclusters should break down in size. One
possible route for this is the removal of metal atoms and ligands from the surface of the larger
clusters. This process would continue until the Au130(SR)50 is formed in the reaction. However,
not all the larger clusters undergo this process. Highly stable species like the 76.3 kDa
nanomolecule stay unaltered in the reaction mixture. Only the meta-stable species undergo this
core conversion process. After the surface metal atoms and ligands are removed from the larger
clusters, the remaining ligands and gold atoms might rearrange to increase structural and
geometrical stability to form Au130(SR)50.. However, based on the experimental evidence
obtained from these experiments, this is only a plausible mechanism. Au38(SR)24 formed in

Figure 3.5: UV-vis spectrum of Au130(SC6H13)50 (black) and Au130(SCH2CH2Ph)50 (olive) in
comparison with Au130-xAgx(SR)50 (red and blue). Pure Au130 with both phenylethanethiol and
hexanethiol show same absorption features. Upon silver incorporation, the features are not as
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prominent and show monotonous absorption spectrum. The absorption spectra were normalized
and offset for clarity.
etching experiments is also a result of core conversion.95-96 Recent reports on Au36 metal atom
nanomolecules show that, Au36 is not present in the initial products and is a result of core size
conversion of clusters larger than Au36.107-108 In both the cases, Au36 and Au130 studied in this
work, the larger clusters core convert to smaller nanomolecules.
3.4.4 Characterization of Au130(SR)50 and Au130-xAgx(SCH2CH2Ph)50 nanomolecules
Pure samples obtained after SEC were further used for characterization by several techniques.
Mass spectrometry techniques, MALDI-MS49 and high resolution ESI-MS,109 were used to find
the composition of the nanomolecules. Mass spectrometry of the nanomolecule with several
ligands, shown in figure 3.3, further confirmed the composition.
Figure 3.5 shows the UV-vis spectrum of Au130(SCH2CH2Ph)50 in comparison with Au130xAgx(SCH2CH2Ph)50

and Au130(SC6H13)50. Au130(SC6H13)50 showed the same UV-vis absorption

features as Au130(SCH2CH2Ph)50. The onset of absorbance at 800 nm was typical for gold
nanomolecules.15 With decreasing wavelength there was an increase in the absorbance. For
Au130(SR)50 three major absorbance peaks were observed at 360 nm, 507 nm and 708 nm. The
absorption features at ~500 nm and ~700 nm were also observed in Au130(SR)50 reported by
Negishi.97 No surface plasmon resonance (SPR) peak was observed, which agrees with the size
transition expected. For Au130-xAgx(SR)50, the absorbance features were not as prominent as
Au130(SR)50. A similar scenario was also observed for Au38-xAgx(SR)24, where the optical
features were diminished upon silver atom incorporation.103 Recently, theoretical calculations
were used to study the optical features of Au144-xAgx(SR)60 at different silver atom
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incorporations.110 It is shown that the random alloying of silver atoms can break the degeneracy
of the electronic states and cause spreading of the electronic states. Such an effect would result in
monotonous absorbance features with no distinct shapes.
3.4.5 Atomic structure
Mass spectrometry data has given the exact atomic composition of the nanomolecule.
The atomic structure of the nanomolecule can be studied using X-ray diffraction data.111-112
Single crystal diffraction data gives the locations of the atoms in a crystal lattice. However, it is
very difficult to obtain single crystals of gold nanomolecules, especially for those larger than
~100 gold atoms. In such cases, powder X-ray diffraction is being used to get an estimate of the
core metallic structure of nanomolecule. Figure 3.6 shows the powder X-ray diffraction data
obtained for Au130(SR)50 nanomolecule in comparison with Au67(SR)35 113 and the 76.3 kDa
cluster. The diffraction pattern best matched with Au67, which was proposed to contain a Marks
decahedral core. Decahedra possess five- fold symmetry and are formed by packing of five
regular tetrahedrons.11 These tetrahedrons need to be slightly distorted to accommodate into a
decahedral structure. Such distortions induce internal strain to the structure. The diffraction
pattern of the 76.3 kDa nanomolecule is included in the figure to show the contrast between the
fcc diffraction pattern and the observed diffraction for the Au130(SR)50 nanomolecule.
The powder XRD data suggests that the nanomolecule has Marks decahedral geometry.
Supported by the powder XRD data and oblate structure observed in TEM, Negishi’s group has
proposed a similar structure for this nanomolecule.97 Recently, Whetten and coworkers have also
proposed a structure based on theoretical calculations, which agrees with the one proposed by
Tsukuda earlier.114 The proposed structure consists of a 105-atom core, which can be broken
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down into a 75 atom Marks decahedron covered by 15 atom caps on top and bottom. This
structure shows a five-fold symmetry axis. The remaining gold atoms are present on the surface
in the form of 25 –[SR-Au-SR]- short staples. With the given atomic composition, the
nanomolecule would have 80 valence electrons. However this does not form a closed electronic
shell according to the spherical jellium model.45, 115 Nanomolecules with non-spherical cores,
like Au38, and Au67, are found to be stable in the reaction mixtures.18, 47, 113, 116 This shows that
the electron shell closing values for prolated and elongated structures are different than the
values anticipated by the spherical jellium model. The proposed structural model should be
further confirmed by growing single crystals of this nanomolecule. Efforts are being made in this
direction.

Figure 3.6: Powder X-ray diffraction of Au130(SR)50 in comparison with Au67(SR)35 and 76.3
kDa nanomolecules, suggesting a Marks decahedral core for the 130-atom title compound.
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3.5 Core size conversion in clusters <Au144(SR)60
The core size conversion process in clusters larger than 40kDa has been presented so far.
Similar core size conversion processes are also observed in clusters smaller than Au144. When
clusters smaller than Au144 are etched, Au38(SR)24 and Au40(SR)24 are observed. The following
questions still remain unanswered. Are these nanomolecules formed by core size conversion?
What sizes core convert to Au38 and what sizes core convert to Au40? In the etching reactions,
Au38 and Au40 are always present together and need to be separated by SEC.34 As the sizes only
differ by two gold atoms, their elution times are not very different and several SEC cycles are
needed to obtain monodisperse samples. Why are Au38 and Au40 always observed as a mixture?
In this work we have performed systematic experiments to answer these questions.
While the core conversion process in the lower mass regime is interesting, there is a
broad interest in this project. Both Au38 and Au40 are thermally stable as they are observed in
etching reactions. The crystal structure of Au38(SR)24 has been reported and complete structural
information is known.47 Recently, the chiral nature of both Au38 and Au40 has been reported and
the enantiomers of both the nanomolecules have been separated using chiral high performance
liquid chromatography.117-119 The chirality is not imparted by the chirality of the ligands but
instead arises from the chiral arrangement of the achiral ligands on the surface of the
nanomolecules. Such chiral gold nanomolecules are highly interesting in enantioselective
catalysis.117 High stability, X-ray crystallography studies (for Au38) and intrinsic chirality draw
tremendous attention towards Au38 and Au40 nanomolecules. To propel further studies using
these nanomolecules, new high yield protocols with no intervening separation steps are essential.
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In an attempt to achieve progress in this direction, core size conversion in clusters smaller than
Au144 was studied in detail.
3.6 Etching as a synthetic route for Au38 and Au40
Murray and coworkers have reported a one phase THF/TOABr method for the synthesis
of gold nanomolecules in 2004.28 In 2008, Jin’s group reported a similar one phase method in
THF for the synthesis of Au25 in high yield.29 Recently, we reported the synthesis of Au25 using
the THF method, monitored by MALDI TOF mass spectrometry.30 The two-phase BrustSchiffrin synthesis in toluene typically yields Au25 and Au144 as major products as observed by

Figure 3.7: Positive mode MALDI spectra of the aliquots collected from the etching of the crude
product from THF synthesis. Note that the crude product comprises Au~103-105(SR)~44-46,
Au67(SR)35 and other lower sizes. The mass spectra were normalized and offset for clarity.
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MALDI. The mass region between Au25 and Au144 is relatively devoid of peaks, suggesting Au67
and Au102 species are not present in significant amounts. In the THF method, however, there are
several species observed between Au25 and Au144, namely, Au67, Au103-105 and a series of clusters
smaller than Au67. Our group recently synthesized, isolated and characterized Au67(SR)35 using
the one phase THF method.113 In the same synthesis, Au103(SR)45, Au104(SR)45, Au104(SR)46 and
Au105(SR)46 were observed. Our group recently isolated and characterized these species using
ESI-MS.116
When the crude products obtained from the one phase THF method were etched in excess
phenylethanethiol at higher temperatures, Au38 and Au40 were observed in MALDI – MS data of
the etching samples as shown in figure 3.7. Note that both Au38 and Au40 were absent in the
initial crude product. From these etching reactions it was clearly understood that both Au38 and
Au40 were products of core size conversion. However, the following questions still remained
unanswered. Which of the larger clusters in the crude product convert to Au38 and which of them
convert to Au40? To answer this question, the crude product from the one phase THF method was
separated into several fractions using size exclusion chromatography and etched separately with
excess thiol. Using size exclusion chromatography, Au103-105 clusters, Au67, and clusters smaller
than Au67 (labeled <Au67 in the scheme) were separated from the crude product.
3.7 Synthesis of Au40 by core size conversion of Au67 and Au102
Figure 3.8 shows the progress of etching of Au67 monitored by MALDI-MS. The top
spectrum (in black) in Figure 3.8 shows the MALDI mass spectrum of the control material used
for etching. The presence of multiple peaks for Au67 is a result of fragmentation due to increased
laser fluence during the data acquisition. At low laser fluence and in ESI-MS, which is a softer
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ionization technique, single sharp peaks were observed as evident in our earlier report on Au67
nanomolecules.113 The MS results in Figure 3.8 clearly show that Au67, upon etching, core
converts almost exclusively to Au40(SR)24 . In the 10 h sample (red curve in figure 3.8), there are
several meta-stable species observed in the 13-17 kDa region, most of the Au67 has already
converted to these meta-stable clusters, and a Au40(SR)24 peak is observed. In 23 h and 39 h
samples, the amount of metastable clusters has decreased and Au67 was barely observed. After 50
h of thermochemical treatment, Au40(SR)24 was the predominant species observed in the reaction
mixture. No Au38(SR)24 was observed in the final product. These results prove that Au40(SR)24 is
formed by core size conversion of Au67(SR)35. For detailed analysis of the intermediates
observed in the core conversion reactions see section 3.9. A typical yield of this core size
conversion reaction is ~55%, with respect to the amount of Au67 used for the etching reaction.

Figure 3.8: Positive MALDI mass spectra of the samples collected from etching of pure Au67 in
the presence of excess thiol. After 50 h, Au40(SR)24 was the only product in the reaction mixture.

87

Please note that no Au40(SR)24 was present in the initial sample. This indicates that Au40(SR)24 is
exclusive formed via a core size conversion process from Au67. For a discussion on the
intermediates observed in the core conversion reactions, refer to section 3.9. The peak marked
with "α" is a result of fragmentation of Au67(SR)35 with a loss of Au4L4. The mass spectra were
normalized and offset for clarity.
Upon etching, Au103-105 core-converted to Au40(SR)24. Figure 3.9 shows the progress of
this etching reaction monitored by MALDI mass spectrometry. Note that Au103-105 clusters in our
previous report had several sharp peaks in the MALDI mass spectrometry data corresponding to
several sizes observed.116 However, obtaining such high quality data is very tedious and needs to
be done under very minimal laser strength and by collecting several thousands of laser shots per
sample. In the present work, the exact composition and high resolution data was not the major
focus, and the MALDI mass spectra were acquired at laser strength above threshold to give good
signal intensity. After 3 h, there were some meta-stable clusters observed in the mass spectrum
around ~14 kDa mass range. With time, all the Au103-105 clusters in the reaction mixture
converted to the meta-stable species. In the 8 h sample, Au40(SR)24 was observed along with
other meta-stable clusters. After 11 h, Au40(SR)24 was the major peak observed in the MALDI
mass spectrum, suggesting that Au103-105 in the starting material core converted to Au40(SR)24.
Some residue, insoluble in any solvent, was observed in the etching reactions. This was
presumably Au-SR aggregates, as discussed in an earlier report.91 This suggests that 100% of the
metal atoms and ligands present in the starting Au103-105 sample do not convert to Au40, but some
lead to Au-SR by-products. It is also interesting to argue why Au103-105 does not convert to the
reported Au102(SR)44.18 But the solution stability of a nanomolecule may be different from its
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thermal stability. Au102 may be stable in solution, but in this case Au103-105 converts to Au40 under
harsh thermochemical treatment. This was also the case of Au25, which was stable in solution for
>24 hrs in the THF one phase synthesis, but degraded under thermochemical treatment. The final
yield of this core size conversion reaction was ~31%, with respect to the amount of Au103-105
used as the starting material. The yield was calculated assuming that all the starting material is
comprised of Au104(SR)46.

Figure 3.9: Positive MALDI mass spectra of the samples collected from etching of pure Au103-105
in the presence of excess thiol. After 22 h, Au40(SR)24 is the predominant product in the reaction
mixture. Please note that no Au40(SR)24 is present in the initial sample. This indicates that
Au40(SR)24 is exclusively formed via a core size conversion process. For a discussion on the
intermediates observed in the core conversion reactions, refer section 3.9. The mass spectra were
normalized and offset for clarity.
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3.8 Synthesis of Au38 by core size conversion reactions
Clusters smaller than Au67 were obtained from the size exclusion chromatography of the
crude product from the one phase THF synthesis. Figure 3.10 shows the MALDI spectra of the
samples collected from the etching reaction of <Au67 fraction. The starting material (labelled as
control in figure 3.10) had peaks predominantly in the mass region between 10 kDa and 15 kDa.
As the reaction progresses, these clusters broke down to form Au38 in 5 hrs. The peaks labelled *
and ɸ represent the fragments of Au38(SR)24 with a loss of one ligand (L = Phenylethanethiol)
and Au4L5 respectively. The results indicate that Au38 was formed as a result of down sizing of
larger clusters. In other words, it is a top-down rather than bottom-up etching. The yield of this
reaction could not be calculated on a Au atom basis as the exact composition of starting material
is unknown. On a weight basis, ~40% yield was obtained.

Figure 3.10: Positive MALDI mass spectra of the samples collected from etching of clusters
smaller than Au67 in the presence of excess thiol. Peaks with * and ɸ indicates the fragments of
Au38(SR)24 corresponding to a loss of L and Au4L4 respectively. After 5 h, Au38(SR)24 was the
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predominant product in the reaction mixture. Please note that no Au38(SR)24 was present in the
initial sample. This indicates that Au38(SR)24 was exclusively formed via a core size conversion
process. For a discussion on the intermediates observed in the core conversion reactions, refer
section 3.9. The mass spectra were normalized and offset for clarity.
3.9 MS data based mechanism of core size conversion
Though Au38 and Au40 were observed in the etching reactions in previous reports, the
mechanism of formation of these nanomolecules is not understood. Au38 and Au40 are formed by

Figure 3.11: Positive MALDI mass spectra of the meta-stable species observed in the core size
the core size conversion reactions of Au67, Au103-105 and <Au67 clusters. The mass spectra were
normalized and offset for clarity.
the core size conversion of larger clusters. For formation of smaller gold nanomolecules by core
conversion, the larger clusters need to break down and decrease in size. For the case of Au130, the
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high mass of the starting material clusters (> 40 kDa) and the limited mass spectrometric
resolution has hindered the understanding of the core size conversion mechanism. During the
etching reactions, there are several meta-stable species observed. These peaks are well resolved
in the MALDI mass spectrometric data acquired for the samples collected in the core conversion
of smaller sizes.
For understanding the mechanism of core size conversion reactions in the formation of
Au38 and Au40, the meta-stable species observed in the mass spectrometry data of the etching
samples were studied in detail. For this purpose, the samples that had multiple peaks
corresponding to these meta-stable species were chosen. For etching of Au67 and Au103-105,
samples at 23 h and 8h (from a different reaction) were chosen. Figure 3.11 shows the
assignment of the meta-stable species observed in these samples.
In the etching of Au67 (black curve in figure 3.11), the composition of the species is
indicated on top of each peak. The number (41,24) represents the species with 41 gold atoms and
24 ligands. Note that the number of gold atoms is always greater than the number of ligands.
Some of the peaks could not be attributed to any reasonable and practical combination of ligands
and gold atoms. Of the several species observed, Au57(SR)28, Au55(SR)30, Au56(SR)27, and
Au51(SR)27, were the most dominant in the mass spectra. Other species included Au60(SR)27,
Au49(SR)29, Au47(SR)27, Au46(SR)26 and Au41(SR)24. Upon closer inspection of these species, it is
reasonable to assume that there was a systematic loss of gold atoms and ligands to form
Au40(SR)24 in the etching of Au67. This mass spectrometric evidence proves that the larger
clusters break down during the core size conversion reactions. In earlier reports, where Au38 was
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formed during etching reactions, the process of core size conversion has been reported.91, 6 In the
present work, it is systematically shown which particular sizes convert to Au38 and Au40.
The Au103-105 fraction also converts to Au40 via core size conversion reactions. As the
final product in both of these etching reactions is Au40, it is likely that the reactions proceed via
same or closely related intermediate species, analogous to small molecule organic reactions. To
verify this, the meta-stable clusters in the Au103-105 etching reaction were also assigned. In both,
Au67 and Au103-105 etching reactions, peaks corresponding to Au51(SR)27, Au49(SR)29 and
Au41(SR)24 were observed (labelled in green in figure 3.11 and scheme 3.3). The fact that both
reactions show the same species suggests that these are intermediates for the formation of
Au40(SR)24 during the core size conversion reactions.
The fraction < Au67 obtained after SEC of the crude product is similar to the meta-stable
species observed in the core size conversion of Au67 and Au103-105. If they are the same, the
etching of this material should also form Au40(SR)24 as the final product. To test this possibility,
the peaks observed in the <Au67 fraction were also assigned using the MALDI mass spectrometry
data (red curve in figure 3.11). The species observed in the <Au67 fraction were different than the
meta-stable intermediates observed in the Au67 and Au103-105 etching reactions. In the etching
experiments, the size distribution of the crude product used affects the yield of Au38 obtained.
The meta-stable species observed during the core size conversion reactions proves the
importance of size distribution of the crude product. It is important to have clusters that convert
to Au38 in greater abundance for higher yields of Au38 in these etching reactions. This also
provides a clear synthetic route for almost exclusive formation of Au40 via a core size conversion
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process. The same principle can also extend to the other core size conversion reactions. For
example, in the core size conversion of Au130 we proposed earlier, the yields of the reactions
varied with the size distribution of the starting crude product.

Scheme 3.3: Core size conversion in clusters. One phase THF synthesis typically yields a
mixture of Au103-105, Au67, and clusters smaller than Au67 including Au25. When this mixture is
etched as such, a mixture of Au38 and Au40 by core size conversion is formed. From the same
crude product, fractions containing Au103-105, Au67 and clusters smaller than Au67 were separated
by SEC (shown in the green dotted box in the scheme). Upon etching, Au103-105 and Au67 core
converted to Au40 and clusters smaller than Au67 core converted to pure Au38 (shown in the red
dotted box in the scheme). Each of these core size conversion reactions proceeded via several
intermediate species identified by MALDI TOF mass spectrometry. Note that the core
conversion is a gradual downsizing phenomenon. Gold atoms and ligands are systematically lost
from the larger clusters and smaller sizes are formed.
Based on the experiments conducted in this study, the governing factors of core size
conversion are not understood. In other words, it is not understood why the Au67 and Au103-105
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core convert to Au40, but clusters < Au67 convert to Au38. One of the primary reasons could be
the difference in the structure of Au38(SR)24 and Au40(SR)24. The crystal structure of Au38(SR)24
comprises a 23-metal atom face fused biicosahedral core, six [–S-Au-S-Au-S-] units and three [S-Au-S-] units.47 The predicted structure of Au40(SR)24 by DFT calculations comprises a 26metal atom biicosahedral core, four [–S-Au-S-Au-S-] units and six [-S-Au-S-] units.119-120 The
core size conversion reactions reported here might be influenced by these structural differences
of Au38 and Au40 nanomolecules. The different species observed in the formation of Au38 and
Au40 suggest that different intermediates convert to different nanomolecules due to the structural
differences. However, strong conclusions can be made only by knowing the structure of the
intermediates observed in these reactions.
3.10 Summary and conclusions of core size conversion reactions
In this work, core size conversion reactions in smaller and larger clusters are studied in
great detail. This study provides the first direct experimental evidence for core size conversion
reactions using mass spectrometry tools. When a mixture of larger clusters (>40 kDa) was etched
in excess thiol, Au130(SR)50 was formed by core size conversion. This core conversion process
was confirmed with three different ligands: phenylethanethiol, hexanethiol and dodecanethiol.
Au130(SR)50 was isolated and characterized, and a high yield synthetic protocol via core size
conversion process was developed. The Au130(SR)50 nanomolecule was observed with three
different ligands and as alloys of Au-Ag and Au-Pd. This indicates the remarkable stability of
this 130-metal atom nanomolecule. Using mass spectrometric evidence, a possible mechanism of
core size conversion is proposed. Further work needs to be performed to study the
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intermediates/by products of the core conversion reactions to understand the detailed mechanism
of this process.
Core size conversion in clusters smaller than Au144 was studied to understand the
formation of Au38 and Au40 in the etching reactions. Systematic reactions in this lower mass
range proved that Au67 and Au~103-105 core converted to Au40(SR)24. Au38(SR)24 was exclusively
formed by the core conversion of clusters smaller than Au67 and larger than Au40. The results
obtained answered why Au38 and Au40 are always present together in etching reactions. Core size
conversion reactions can be used as high yield synthetic protocols for synthesizing Au38 and Au40
with no additional separation protocols required. Based on the intermediates observed in the
mass spectra of the aliquots extracted from the core size conversion reactions at different time
intervals, a detailed mechanistic analysis is presented. The reactions also proved the crucial role
of starting material used in core size conversion reactions.
Possible intermediates and a feasible mechanism are proposed in this work based on the
experimental evidence at hand. However, the structures of the resulting core size conversion
products are completely different from the starting materials. This structural rearrangement
process is not understood. To obtain concrete understanding of the structural rearrangement, the
ultimate goal would be to structurally characterize the intermediates observed in the core size
conversion reactions. Future studies need to be performed in this direction. Understanding the
core conversion process would also give insights into the nanomolecules’ growth mechanism
during the synthesis. Such an understanding would allow us to obtain greater control of the
nanomolecules’ growth, and in turn help us to formulate high yield synthetic protocols.
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CHAPTER FOUR

SIZE DEPENDENT ELECTROCHEMICAL PROPERTIES OF GOLD
NANOMOLECULES

Part of the text and figures in this chapter are extracted from the following publication:
Jupally, V. R.; Thrasher, J. G.; Dass, A. Analyst 2014, 139, 1826.
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CHAPTER FOUR

SIZE DEPENDENT ELECTROCHEMICAL PROPERTIES OF GOLD NANOMOLECULES

4.1 Abstract
Gold nanomolecules are composed of a precise number of gold atoms and organo-thiolate
ligands. These materials show size-dependent optical and electrochemical properties. At this size
regime, a small variation in the number of metal atoms and ligands manifests a dramatic change
in the optical and electronic properties. Optical properties of NMs are well known, but there is a
void in understanding the size-dependence of electrochemical properties due to several reasons,
including the lack of separation techniques to obtain large amounts of pure samples and the
laborious nature of the electrochemical measurements. In this work, the electrochemical
properties of different sizes are studied by cyclic voltammetry and differential pulse
voltammetry. There is clear size dependence in the electrochemical behavior of NMs. Quantized
double layer charging of Au130(SR)50 is studied in great detail. Using the voltammetry results, the
capacitance of different sizes is calculated. Solvent effects on the quantized double layer
charging behavior are also investigated. Overall this work improves the understanding of the
electrochemical properties of NMs.
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4.2 Introduction
The optical and electronic properties of gold nanomolecules systematically vary with
their size.16 Optical properties can be easily probed due to the simplicity of the data collection
during an optical absorption spectroscopy experiment.15 NMs show optical absorption in UV-visNIR regions of the electromagnetic spectrum and only require a minute amount, ~ 1 mg, of
sample.
Similar to the optical properties, the electrochemical properties are also size-dependent.
Considerable research has been performed in this branch of nanomolecules’ research but there is
much progress still to be made as the electrochemical behavior of several species are not
reported yet.41 In this report, cyclic voltammetry (CV) and differential pulse voltammetry (DPV)
are used to probe the electrochemical properties. A brief description of the voltammetry
techniques is provided in section 1.7.3.
Unlike the spectroscopy techniques, voltammetry requires larger amounts (> 10 mg) of
highly monodisperse samples. Lack of high yield synthetic protocols, lack of good separation
techniques and limited analytical techniques to assess the purity are the primary reasons for the
limited progress in this branch. Over the last decade, several high yield synthetic protocols have
been developed for different sizes.29, 32, 95, 121 Using SEC, closely related sizes can be separated
and large amounts of pure samples are now accessible.34 For example, Au38 and Au40 (varying by
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two gold atoms) and Au137(SR)56 and Au144(SR)60 have been separated in recent reports.34, 36
With advancements in MALDI-TOF mass spectrometry and ESI mass spectrometry, the purity
of the samples can be tested.49, 94 These recent developments provide an opportunity to perform
voltammetry experiments and investigate size-dependent electrochemical behavior.
Voltammetry experiments require a three-electrode setup containing working electrode,
counter electrode and reference electrode.39, 122 Polished Pt electrodes, Pt wire and Ag/AgCl
electrodes are used as working, counter and reference electrodes respectively. All the
electrochemical phenomena of interest, that is the redox reactions of the nanomolecules, occur at
the surface of the working electrode. The counter electrode acts as cathode when the working
electrode is anode and has greater surface area so that the reaction at the counter electrode is not
the limiting factor. The potential of the working electrode is measured against a reference
electrode whose potential is constant. An electrolyte is required for electrical conductivity. A
solvent system that accommodates the solubility characteristics of both the nanomolecule and
electrolyte, and is sufficiently conductive, is used for measurements. The electrolyte-solvent
system is another major limiting factor in the voltammetry experiments. For routine
nanomolecules’ electrochemistry experiments tetrabutylammonium hexafluorophosphate
(TBAPF6) and acetonitrile are the electrolyte and solvent of choice, respectively. While most of
the nanomolecules are not soluble in acetonitrile, TBAPF6 allows a limited potential window,
beyond which the solvent-electrolyte system shows significant current flow. The background
current from the solvent and/or the supporting electrolyte is significant, and the redox current
from the nanomolecule can not be measured accurately. Figure 4.1 shows the differential pulse
voltammogram of Au67(SR)35 with TBAPF6 and THF.31 The two curves shown in the figure
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correspond to the negative (top) and positive (bottom) potential scans. About six redox peaks are
present, indicating that the nanomolecule can take six different redox states. The potential
window is only about 2.4 V and there could be other redox waves outside this potential window.
For this reason it is essential to use an electrolyte-solvent system with a wider potential window.
Smaller sizes like Au25(SR)18 and Au38(SR)24, like small molecules, show large HOMOLUMO gaps and the electronic states are far apart in energy.38, 123 In bulk metal, the electronic
states are densely packed and can be perceived as continuous bands allowing the electrons to
flow through the metal making it a good electrical conductor.124 With increasing size, the NM’s
approach the bulk, and therefore the properties shift towards bulk-metal with decreasing HOMOLUMO gap and closer electronic states. This gradual shift from small molecule to bulk metal
behavior of gold nanomolecules is termed molecule-like to bulk-metal-type transition.41

Figure 4.1: Differential pulse voltammogram of Au67(SR)35 nanomolecules in TBAPF6 – THF
system. The two curves correspond to positive (top) and negative (bottom) potential scans. The
potential window is about 2.4 V. The current observed was in microamperes.

101

The molecule-like to bulk-metal-type transition can be manifested in the optical
properties to an extent. In figure 1.7 on page 22, the small Au25(SR)18 nanomolecule shows
distinct absorption features indicative of the sharp electron transitions between different energy
levels in the nanomolecule. The large energy spacing in the electronic states and fewer electronic
transitions give rise to sharp absorption features.38, 125 As the size of the nanomolecule increases,
the distinct features disappear; instead, a monotonously rising absorbance is observed which is a
result of many different electronic transitions occurring.15 This behavior can be observed for the

Scheme 4.1: Electron transfer at the electrode-solution interface. a) Reduction of the NM at more
negative potentials. b) Oxidation of the NM at more positive potentials.
sizes between Au67 and Au144. With further increase in size, nanomolecules show a definite
absorption around 500 nm. This arises due to the collective oscillation of conducting electrons
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due to incident electromagnetic radiation and is called surface plasmon resonance (SPR). SPR
starts to appear from Au329(SR)84 [ref 100, 126-127] and beyond Au329 all the sizes show the same
absorption features with minor systematic shift in the SPR peak. One main drawback of the
optical absorption spectroscopy technique is the difficulty in determining the absorption onset in
the NIR region for larger sizes. There are interferences in the NIR region and the absorption
onset (corresponds to the HOMO-LUMO gap) cannot be estimated easily.110
Voltammetry techniques yield information about the HOMO-LUMO gap and redox
behavior of nanomolecules. The peaks observed in voltammetry correspond to single electron
charging events.41 Each of the peaks observed corresponds to addition or removal of an electron
from the nanomolecule. Scheme 4.1 shows the oxidation and reduction of a nanomolecule at the
electrode surface. These single electron charging events can be observed in voltammetry only if
the capacitance is below 6 attoFarad (atto = 10-18).41 Even at capacitance values of such low
magnitude, there is a systematic variation with size with smaller capacitance values for smaller
sizes and the values gradually increasing with size. The capacitance of gold nanomolecules is
given by following equation:

CCLU = ACLU

!! 0 r + d
r
= 4"!! 0 (r + d)
r r
d

where CCLU is the capacitance of the gold nanomolecule
ACLU is the Au core surface area

ε is the effective dielectric constant of the thiolate monolayer
ε0 is permittivity of the vacuum
r is the diameter of the inner metal core
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Eq. 4.1

r+d is the diameter of the inner metal core and surrounding monolayer
The capacitance given in the equation above is based on a theoretical model that is based on
experimental observations.128 This model assumes that the nanomolecules are spherical in shape.
4.3 Classification of gold nanomolecules based on electrochemical properties
Based on their electrochemical behavior, gold nanomolecules are classified into three
categories, namely molecule-type, quantized double layer charging type, and bulk-metal-type.41
Molecule-like behavior is observed for smaller sizes like Au25 and Au38123, 129; they have several
redox states and a very large HOMO-LUMO gap. 15,23 The individual redox peaks are also
spaced far apart on the potential scale. Figure 4.2 shows the cyclic and differential pulse
voltammograms for Au25(SCH2CH2Ph)18. The redox peaks are better resolved in DPV owing to
the higher sensitivity of the technique. The difference between the first oxidation and first
reduction waves is called the electrochemical gap, which is also the largest potential gap
between consecutive redox waves. The electrochemical gap for Au25(SCH2CH2Ph)18 is 1.6 V.

Scheme 4.2: Difference between the electrochemical and optical gap. The electrochemical gap
includes additional energy for the addition of an electron to the nanomolecule. The schematic
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here is same as scheme 1.2 but reproduced for better understanding.

Figure 4.2: Cyclic voltammogram (CV) and differential pulse voltammogram (DPV) of
Au25(SR)18 nanomolecules in 1,2-dichloroethane using BTPPATBF20 as supporting electrolyte.
The voltammograms are normalized and offset for clarity.
The HOMO-LUMO gap can be obtained from the electrochemical gap after subtracting
the charging energy. The charging energy is the energy required to change the charge state of a
neutral species to a positive or negative charge. For NMs this is generally the potential difference
between the first and second oxidation waves.41 A small electrochemical gap can easily be
observed by voltammetry techniques. This is one of the major advantages of voltammetry over
spectroscopy techniques. For Au25(SCH2CH2Ph)18, the electrochemical gap is 1.6 V. The
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charging energy, the extra energy required to add or remove electron as shown in scheme 4.2, is
given by the potential between the first and second oxidation waves, which is 0.26 V in this case.
Thus, the HOMO-LUMO gap of Au25(SCH2CH2Ph)18 is 1.34 V. The observed results are in
accordance with the literature reports and values based on optical absorption onset (1.37 V).129132

Similar molecule-like behavior is observed up to Au67(SR)35 nanomolecules.31
The second type of electrochemical behavior is the quantized double layer charging type

(QDL). This class of nanomolecules acts like quantized capacitors.41 Murray’s group
demonstrated the first QDL charging behavior.133 Later, Quinn performed voltammetry
experiments in a larger potential window using a different electrolyte-solvent system.42 QDL
charging shows several redox states (generally the number of redox states observed here is much
greater than in the case of molecule-type behavior) that are almost evenly spaced on a potential
scale.17, 42, 133-135 The potential difference between individual redox waves is in turn a function of
capacitance and is given by the following equation.

!V =

Ze
CCLU

Eq. 4.2

!V 	
  is the potential difference between individual redox states
Z is the charge of the nanomolecules
e is the charge of the electron (1.6x10-19 coulombs)
CCLU is the capacitance of the nanomolecule
The several redox waves observed in QDL type behavior correspond to single electron
charging events. Each peak corresponds to a single electron added to or removed from the
nanomolecule. To observe these single electron charging events, the capacitance of the gold
nanomolecule should be less than 6 attoFarad. Note that the capacitance of the molecule-type
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gold nanomolecules is lower than the QDL charging type. Along with several redox waves, a
HOMO-LUMO gap is also observed in QDL charging. Figure 4.3 shows the voltammogram of
Au144(SCH2CH2Ph)60 in comparison with Au25(SCH2CH2Ph)18. The voltammogram shows 14
different redox waves, indicating that the nanomolecule can take at least 14 different
oxidation/reduction states. In other words, the nanomolecule can store up to 7 electrons or 7
electron holes (electron holes are the loss of electrons upon oxidation), thus acting as capacitor.
Another size with QDL charging type behavior, Au130(SCH2CH2Ph)50, is explained in great
detail in later sections.

Figure 4.3: Differential pulse voltammogram of Au144(SCH2CH2Ph)60 in comparison with
Au25(SCH2CH2Ph)18. Note the fourteen redox waves observed in the voltammogram of Au144.
Bulk-continuum type behavior is observed for nanomolecules with capacitance values
larger than 6 attoFarad. In this class, the electron charging events are not manifested in
voltammetry experiments. Instead, smooth current-potential curves are observed.41 Mulvaney et
al. reported such behavior for 10 nm silver nanoparticles protected by polyacrylic acid.136
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However, there are no reported examples of thiolate protected gold nanomolecules with bulkcontinuum type behavior.
Murray’s group pioneered the field of nanoelectrochemistry and described gold
nanomolecules as soluble nanoelectrodes.17, 137-138 They explored size and monolayer thickness
effects,17, 139 substituent effects,129 QDL charging behavior,134, 140 charge state manipulation51, 141
and electron transfer reactions.142-144 Theoretical simulations were also performed to understand
the QDL charging behavior.145 Quinn explained the QDL charging behavior by considering the
radial dispersion of the diffusive double layer in the theoretical calculations.42 Girault combined
experimental and theoretical work to understand the effect of solvent permittivity on the
capacitance.43 Mafe explained the limitations of the “concentric sphere model” in understanding
the electrochemical behavior of gold nanomolecules.146 Electrochemical properties of other
magic sizes like Au25(SR)18, (ref. 132, 147) are well known in the literature. The electrochemical
behavior of other NMs like alloys of Au38(SR)24 (ref. 123), Au25(SR)18 with Cu and Ag, and
Au67(SR)35 (ref. 113) are also presented in the literature. The electrochemistry of NMs has
evolved with time and the present scenario offers the advantage of highly monodisperse samples
of many different sizes in larger amounts.
4.4 Electrochemical properties of Au130(SCH2CH2Ph)50 nanomolecules
In this work, we studied the electrochemical properties of different gold nanomolecules.
Our main emphasis was on Au130(SCH2CH2Ph)50, isolated from the core size conversion
reactions of gold nanoclusters larger than 40 kDa in mass.38 The two-phase Brust-Schiffrin
method148 was used to synthesize the crude product, using a 1:3::Au:thiol mole ratio. From the
crude product, clusters larger than 40 kDa were isolated using solvent fractionation. Once these
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larger clusters were etched at 80oC, Au130(SR)50 was formed via core size conversion . Using size
exclusion chromatography (SEC), highly monodisperse Au130(SR)50 was isolated and used for
voltammetry measurements.34 The composition was confirmed by high resolution ESI-MS
independently with three different ligands. Au130(SR)50 was reproducibly observed in etching
reactions. The electrochemical behavior of this nanomolecule was unprecedented and was
studied in great detail. Initially, the TBAPF6-THF system was used for voltammetry
experiments. Figure 4.4 shows the differential pulse voltammogram obtained. QDL charging
type behavior is observed with 8 redox waves. More redox states are possible but cannot be
observed because of the limited potential window.

Figure 4.4: Differential pulse voltammogram of Au130(SR)50 nanomolecules in THF using
TBAPF6 supporting electrolyte. Eight different redox waves are observed. The black labels
represent the potential at which the redox peaks are observed and the green labels show the
potential difference between consecutive redox waves.
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4.4.1 Larger potential window for voltammetry
TBAPF6 is an inexpensive and commercially available electrolyte but offers a small
potential window. Quinn has reported the use of bis(triphenyl phosphoranylidene) ammonium
tetrakis (pentafluorophenyl) (BTPPATBF20) as a supporting electrolyte. BTPPATBF20 along
with 1,2-dichloroethane solvent gives low background currents between -2 and +2 V and
provides a potential window of 4 V for voltammetry experiments.134 This electrolyte is not
commercially available and needs to be synthesized in the lab.149
The supporting electrolyte was synthesized according to the protocol published in the
literature.149 For the synthesis, potassium tetrakis (pentafluorophenyl)borate and
bis(triphenylphosphoranylidene)ammonium chloride were mixed in a 1:1 ratio in 1:2
methanol:water. As soon as the salts were mixed, there was a precipitate observed in the flask.
The precipitate was separated by centrifugation. The precipitated BTPPATBF20 salt was used for
the electrochemical measurements after drying in the vacuum oven overnight at 40°C. During
the preparation of the supporting electrolyte only HPLC grade solvents were used. Figure 4.5
shows the structure of the compounds used for the synthesis of the electrolyte.
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Figure 4.5: Components of the BTPPATBF20 salt. Both the chemicals were mixed in 1:1 ratio.
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Electrochemical measurements were carried out in anhydrous 1,2-dichloroethane. The
sample and the supporting electrolyte were dried in a vacuum oven overnight, prior to the
measurements. A three electrode arrangement with Pt working, Pt counter and Ag/AgCl
reference electrodes were used for voltammetry experiments. The working electrode was
polished using 0.03 micron buehler micropolishtm alumina powder. Polishing the electrode is a
very important parameter; otherwise high background currents and sharp peaks between 0 and 1
V are observed. Whenever the background currents were high or abnormal the electrode was
polished with 0.5, 0.1 and 0.03 micron buehler micropolishtm alumina powder for 5 minutes each
in that order. All of the electrodes were cleaned with anhydrous 1,2-dichloroethane and stored
under nitrogen. The supporting electrolyte (650 µM) was dissolved in anhydrous 1,2dichloroethane and blank runs were acquired before addition of the sample. The concentration of
the nanomolecule used was 46 µM. The CV measurements were performed at a 100 mV/s scan
rate and DPV measurements were performed at a scan rate of 4 mV/s, pulse height of 0.05 V,
pulse width of 0.2 s and pulse period of 0.5 s. No ohmic-drop compensation was applied for
voltammetric measurements. The solution was bubbled for 2 min with nitrogen between the
measurements. It is very crucial to do the electrochemistry measurements in inert atmospheres.
The solvent, sample and electrolyte should be devoid of any trace oxygen or moisture.
Anhydrous solvents, sample, electrolyte and cleaned electrodes were transferred/handled in
nitrogen atmosphere. Exposure of any of the components of the electrochemistry to the
atmosphere must be kept minimal.
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Figure 4.6 shows the differential pulse voltammogram of Au130(SR)50. Thirteen different
redox waves were observed in the voltammogram. The electrochemical gap was found to be
about 450 mV. Table 4.1 shows the potential and charge values for different redox waves. From

	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Figure 4.6. Differential pulse voltammetry (DPV) of 46 µM Au130(SR)50 nanomolecules in 1,2dichloroethane in the presence of 650 µM BTPPATBF20 supporting electrolyte. Note the thirteen
QDL peaks and a 453 mV electrochemical gap.

this data, the average potential gaps between individual redox waves (excluding the
electrochemical gap, i.e. 450 mV) were found to be 240 mV and 234 mV for negative and
positive scans, respectively. The average potential spacing between the oxidation and reduction
peaks in the DPV data is considered to be charging energy, following Murray’s charging energy
analysis notation.3 This is because each of these peaks is a single electron charging event and can
be considered as the energy required to remove an electron. The HOMO-LUMO gap is found to
be ~210 mV after subtracting the charging energy from the electrochemical gap. Using equation
4.2, the capacitance of the nanomolecule was calculated for negative and positive DPV scans as
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0.66 and 0.68 aF, respectively. Recently, Gangli Wang has reported isolation and voltammetry
experiments of a ~130 atom cluster, which is protected by monothiols and dithiols.150 QDL
charging behavior was not observed in this case. This could be due to a different structure of the
core, which would lead to different electronic properties. Also due to lack of high resolution
mass spectrometry evidence,150 the samples could contain other similar core sizes, affecting the
electrochemical properties.
Table 4.1: Potential and charge values of the different oxidation and reduction waves in positive
and negative differential pulse voltammetry (DPV) of Au130(SR)50 from figure 4.6. Negative scan
DPV values are used for the Z-plot in Figure 4.7. The average potential difference (omitting the
electrochemical gap in red) was used to calculate the capacitance of the nanomolecule.
Negative Scan
Potential (V)
Charge
-1.380
-1.179
-0.977
-0.744
-0.504
-0.062
0.210
0.481
0.737
0.985
1.226
1.466
1.706

-6/-7
-5/-6
-4/-5
-3/-4
-2/-3
-1/-2
0/-1
0/+1
+1/+2
+2/+3
+3/+4
+4/+5
+5/+6

ΔV
0.201
0.202
0.233
0.240
0.442
0.272
0.271
0.256
0.248
0.241
0.240
0.240

Positive Scan
Potential (V)
Charge
-1.512
-1.334
-1.124
-0.923
-0.706
-0.457
-0.007
0.225
0.543
0.783
1.032
1.272
1.513

-5/-6
-6/-7
-5/-6
-4/-5
-3/-4
-2/-3
-1/-2
0/-1
0/+1
+1/+2
+2/+3
+3/+4
+4/+5

ΔV
0.178
0.210
0.201
0.217
0.249
0.450
0.232
0.318
0.240
0.249
0.240
0.241

The average peak spacing in the DPV of Au144(SR)60 in the literature varies with the
ligand. Average peak spacing of 270 mV and 250 mV were observed by Murray and Quinn
respectively, for Au144(SC6H13)60.42 This could be attributed to the varying solvents and
supporting electrolytes used in both the cases. However, Maran’s report on Au144(SCH2CH2Ph)60
gave an average peak spacing of 220 mV.151 A direct comparison cannot be made between these
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two reports, as the ligands, solvents and supporting electrolytes used were not the same. In
Quinn’s and Maran’s reports, the peak spacing decreases with the increasing charge state of the
nanomolecule. In other words, at lower positive and negative charge states, the peak spacing is
larger, when compared to higher charge states. Similar behavior was also observed for
Au130(SR)50 in the present work, as shown in table 4.1. Capacitance for Au144(SR)60 was found to
be 0.68 aF and 0.70 aF based on Quinn’s and Maran’s reports. As the size of the nanomolecule
increases, the capacitance also increases. From the experiments conducted in this work, the
capacitance of Au144(SCH2CH2Ph)60 was found to be 0.68 aF and 0.69 aF for negative and
positive scans, respectively.
Using the potential values obtained at different charge states, a Z-plot was made. A Zplot is the potential versus charge plot of the QDL peaks. For Au130, the relationship between the
charge and capacitance is given by equation 4.3,152 where EoZ,Z-1 is the potential of a redox
couple, EPZC is the potential at zero charge, Z is the charge of the nanomolecule, e is the charge
of the electron and CCLU is the capacitance of the nanomolecule. Figure 4.7 shows the Z-plot for
the negative DPV scan. Based on equation 2, the intercept from the graph gives EPZC,153 which is
the potential at zero charge for the nanomolecule. From the Z-plot, EPZC was found to be 0.38 V
vs Ag/AgCl reference electrode. Please note that EPZC is not an equivalent of the rest potential.
Rest potential depends on the charge states of all the nanomolecules in the solution.

E oZ,Z!1 = EPZC + (Z !1 / 2)e / CCLU

Eq. 4.3

However, calculating the capacitance of Au130(SR)50, does not depend on the accuracy of
EPZC. Using the slope obtained from the Z-plot, the capacitance was calculated to be 0.67 aF. The
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capacitance obtained using the Z-plot matches the 0.66 aF (negative scan) and 0.68 aF(positive
scan) values calculated using ΔV.

Figure 4.7: Z plot showing potential (peak maxima) vs charge for the observed electron transfer
events. Inset shows a plot for potential difference (ΔV) vs charge. The correlation coefficient
was 0.99.
The capacitance of a nanomolecule (CCLU) is dependent on the solvent surrounding the
nanomolecule during the voltammetry measurements.43 DPV of Au130(SR)50 was studied in
several solvents to study the effect of solvent permittivity on the electrochemical behavior.
Girault previously reported similar studies for Au144(SR)60.43 The potential difference (ΔV)
between the redox waves is inversely proportional to the permittivity of the solvent as per the
equation below, where e is the charge of the nanomolecule, ε0 is the permittivity in vacuum, εd is
the relative permittivity of the alkane thiol, εs is the permittivity of the medium outside, r is the
radius of the metallic core and d is the thickness of the monolayer.
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!V =

e
d
1
(
+ )
4!"0 (r + d ) ! d r ! s

Eq. 4.4

Figure 4.8 shows the DPV of Au130(SCH2CH2Ph)50 in 1,2-dichloroethane (DCE),
dichloroemethane (DCM) and tetrahydrofuran (THF). BTPPATBF20 was used as the supporting
electrolyte in all three solvent systems. The relative permittivity values of DCE, DCM and THF
are 10.36, 8.93 and 7.58 respectively. As the difference in relative permittivity values are not
substantial, changes in ΔV are not clearly evident. Solvents like toluene with very low relative
permittivity values could not be used, as the supporting electrolyte is insoluble in this solvent.
However, alternative supporting electrolytes could be used for this purpose.43

Figure 4.8. Solvent effects. Differential pulse voltammetry (DPV) of Au130(SR)50 in three
different solvents, 1,2-dichloroethane, dichloromethane and tetrahydrofuran.
4.5 Size dependent electrochemical properties of gold nanomolecules
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Nanomolecules show size dependent optical and electrochemical properties. In this work,
one of the main goals was to study the size dependent electrochemical properties. We have the
expertise to prepare many different sizes in our lab and such systematic study would be easily
feasible. For size dependent studies, SEC purified highly monodisperse samples were obtained
and used in the voltammetry experiments. The smaller sizes are expected to show molecule-type
behavior, and with increasing size, QDL charging type behavior is expected.
Figure 4.9 shows the differential pulse voltammograms of several sizes of
nanomolecules. Note that the current values are offset for clarity. The smallest nanomolecule
Au25(SR)18 showed molecule type behavior with 5 different redox waves and an electrochemical
gap of 1.63 V. According to the molecule-like to bulk-metal type transition, the HOMO-LUMO
gap of the nanomolecules should decrease with increasing size. The voltammogram of
Au67(SR)35 nanomolecule showed an electrochemical gap of 0.71 V. This is in agreement with
the expected trend. As the size increases further, to Au130(SR)50, a QDL charging type behavior
was observed with an electrochemical gap of 0.453 V.
Au144(SR)60 was also studied by voltammetry. There was peculiar behavior that needs to
be highlighted. There were three different potential gaps observed in the voltammograms. A
largest electrochemical gap of 0.372 V around – 0.6 V (on the potential scale) was observed.
Two other potential gaps of 0.314 V and 0.373 V were observed around -1.3 V and 0.6 V,
respectively. This type of behavior has never been reported before. In the literature reports,
highly pure samples were not used and these features could have been dominated by impurities.
Based on the experiments performed in this study, the capacitance of Au144(SR)60 was calculated
to be 0.68 and 0.69 aF for negative and positive scans, respectively. This is only a very minute
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increase in capacitance compared to Au130(SR)50 (0.66 and 0.68 aF for negative and positive
scans respectively).

Figure 4.9: Differential pulse voltammograms of different sizes of gold nanomolecules. The
results show the clear size dependence and the molecule-type to bulk-metal-type transition. The
number of redox states increased with increasing size and the electrochemical gap decreased.
The voltammograms were normalized and offset for clarity.
4.5.1 Other nanomolecules with QDL charging type behavior
Au144 was the first gold-thiolate nanomolecule reported to show QDL charging
behavior.133 Later, Au225 was reported to show QDL charging type behavior.154 Long after these
two reports, the QDL charging type behavior of Au130(SR)50 was demonstrated. There is much
interest in these types of materials. For example, they can be used as charge storage capacitors
and molecular electronics.41 If a reactant needs n number of electrons, the charge state of the
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nanomolecules can be changed to n- (in this case n should be one of the charge states the
nanomolecule can take) and used to supply electrons. This type of experiment was demonstrated
by Murray and coworkers.142 The bulk electrolysis technique allows for the manipulation of the
charge state.41 Similar work has been performed using Au144(SR)60.41 Thus it was interesting to
investigate other nanomolecules for QDL charging type behavior.

Figure 4.10: Differential pulse voltammogram of Au137(SCH2CH2Ph)56 in 1,2-dichloroethane
using BTPPATBF20 as the supporting electrolyte. Peaks marked by asterisks are from nonnanomolecule impurities during separation.
Based on the molecule-type to bulk-metal type transition, the capacitance of
nanomolecules increases with size. Recently our group reported a 34 kDa size with a
composition of Au137(SR)56.36 Due to the similarity with Au144, Au137 is expected to have QDL
charging behavior. Intrigued by this question, the electrochemical properties of Au137(SR)56 were
investigated by voltammetry experiments. Figure 4.10 shows the differential pulse
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voltammogram of Au137(SR)56, which showed QDL charging behavior. The peaks marked by
asterisks around 0.5 and 1.1 V correspond to non-nanomolecule impurities, which could not be
eliminated after multiple processing steps and multiple electrochemistry trials. Another batch of
pure sample needs to be isolated and analyzed for better results.
4.6 Effect of alloying on electrochemical properties

Figure 4.11: Differential pulse voltammogram of Au25(SR)18 and Au25-xAgx(SR)18
nanomolecules. Reprinted with permission from J. Phys. Chem. C., 2013, 117, 7914. Copyright
© 2013 American Chemical Society.
The high stability of gold nanomolecules allows the alloying of various sizes with other
metals like Ag, Cu and Pd.102, 155-156 Alloying combines the properties of different metals at the
nanoscale. For example, palladium is known for its catalytic properties. When Au25 is alloyed
with palladium, the catalytic properties of resulting nanomolecule are improved.90 Such a
difference in the catalytic properties is a manifestation of the change in the electronic properties
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of the nanomolecule. The effect of doping was clearly showed in the case of Au144, where the
optical properties varied with the metal of choice and extent of alloying.102, 156 Analogously,
electrochemical properties should vary with alloying. A recent report on Au25-xAgx showed that
the electrochemical properties varied upon silver doping. Figure 4.11 shows the differential pulse
voltammograms of Au25 and Au25-xAgx. There were changes in the HOMO-LUMO gap and
redox states which agreed with the optical absorption data. Systematic experiments with varying
alloy doping on larger sizes need to be performed to gain a more detailed understanding.
4.7 Conclusions
In this work, the electrochemical properties of different sizes of NMs were explored. Highly pure
samples of different sizes were analyzed in an extended potential window using BTPPATBF20
electrolyte to demonstrate the size dependence. The electrochemical gap and size effects of
different nanomolecules are shown in table 4.2. The QDL charging behavior of Au130(SR)50 was
studied in great detail and the capacitances of Au130 and Au144 were calculated from the
voltammetry results. Solvent effects on the electrochemical behavior of Au130 were investigated.
This study provides a good platform for understanding the electrochemical properties of gold
nanomolecules and the results presented here can be used for developing several electrochemical
applications.157
Table 4.2: HOMO LUMO gap of different gold nanomolecules showing molecule-type to bulkmetal transition
Nanomolecule
Au25(SR)18
Au38(SR)24
Au67(SR)35
Au130(SR)50
Au144(SR)60

Electrochemical gap
1.64 V131
1.2 V158
0.74 V31
0.45 V159
0.30 V42
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Properties
Molecule like
Molecule like
Molecule like
QDL behavior
QDL behavior
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CHAPTER FIVE

MASS SPECTROMETRY OF GOLD NANOMOLECULES

5.1 Abstract
Gold nanomolecules are amenable to various analytical techniques. Transmission
electron microscopy (TEM) can be used to measure the size of gold nanomolecules, but it does
not give information about the composition. Mass spectrometry is used for this purpose. Matrix
assisted laser desorption ionization time of flight mass spectrometry (MALDI TOF MS) and
electrospray ionization mass spectrometry (ESI MS) are the primary techniques used for the
mass spectrometric analysis of gold nanomolecules. Mass spectrometry tools are also used to
monitor synthesis, ligand exchange and etching reactions. In this study, different applications of
mass spectrometry tools for gold nanomolecules are demonstrated with case studies.
Compositional assignment of larger gold nanomolecules using mass spectrometry is studied.
This study is aimed towards comprehensive understanding of the mass spectrometry of gold
nanomolecules.
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5.2 Introduction
5.2.1 Polydispersity of gold nanomolecules
Typically, gold nanoparticles are analyzed by transmission electron microscopy (TEM) to
obtain information regarding the size and shape. This technique works best for nanoparticles
whose diameter is larger than 5 nm. Figure 5.1 shows the TEM of a nanoparticle sample.
Analysis of TEM images gives the average diameter and size distribution of the nanoparticles
present in a sample. The major drawback of the technique is the lack of information about the
composition of the different sizes. For TEM analysis an electron beam is directed onto the
sample. The detector is placed behind the sample to capture the electron beam after passing
through the sample. In the areas where nanoparticles are present, the electron beam reaching the
1258
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detector is less dense, creating dark spots on the detector. Similarly, in the areas where the

Table 1. Core Size and Average Formulas of Various MPCs
TEMb

TGAc

%

2.2 ( 1.1
1.8 ( 0.7
3.7 ( 2.2
3.6 ( 2.3

30.2
29.9
18.5
19.9

64
66
59
65

MPCs
(dia., nm)
(% organic)
nanomolecules are absent, the electron beam
is unaffected and
creates brighter
spots oncoverage
the
a

SO3-MPC (3×)
tiopronin-MPCs (3×)e
C12 MPCs from Bunte (2×)f
C12 MPCs from Bunte (6×)f

d

detector. As the incident electrons are several fold smaller than the nanoparticles, these dark and

average
formulad
Au314SO3111
Au201tiopronin85
Au1289SR286
Au1289SR313

a The ligand:AuCl - molar ratio used in the reaction is shown in parentheses; 3× means 3:1. b TEM results, average Au core size fro
4
analysis of histogram of TEM images. c TGA for thermal loss of thiolate fraction of clusters. d We employed the model and calculatio
160
methods used in previous studies.35,36 e Reference 16a. f Reference 31.

bright spots have high resolution and are observed as the TEM images of the nanoparticles.

Figure 5.1: TEM image of a nanoparticle sample. The diameter of the particles can be obtained
from the high resolution images. Reprinted with permission from Langmuir, 2001, 17, 1255.
Copyright 2001 American Chemical Society.
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Figure 1. Transmission electron micrograph and core size
histogram of SO3-MPCs generated from Bunte (thiosulfate)
salts of 2-acrylamido-2-methyl-1-propanesulfonic acid.

Thermogravimetric analysis (TGA) gives a 30.2% organic fraction (Table 1), which when combined with the
core size result and based on closed-shell truncated
octahedral cones yields an average nanoparticle composition of Au314ligand111 for the SO3-MPCs. This result is

Figure 2. 1H NMR spectra (D2O) of (a) 2-acrylamido-2-methy
1-propanesulfonic acid and (b) SO3-MPCs generated from Bun
(thiosulfate) salts of 2-acrylamido-2-methyl-1-propanesulfon
acid. The sharp resonance at 4.76 ppm is due to an H2O impuri
in the D2O solution and is used as a reference peak.

TEM cannot be used for the analysis of gold nanomolecules, which are ultra-small with
diameter smaller than 2 nm. The ultra-small particles are unstable upon exposure to the incident
electron beam during the TEM imaging process. The thiolate ligands present in the organic outer
monolayer disintegrate and the gold core can be observed only if the core is large enough.161
TEM imaging of nanomolecules like Au130, Au144 and several other Faradaurate (>300 Au
atoms) nanomolecules is reported in the literature.31, 162-164 In these reports TEM is only used to
estimate the size of nanomolecules. To obtain compositional information such as the number of
Au atoms and the ligands, mass spectrometry is the primary technique used.
The atomically precise nature of the gold nanomolecules was revealed only after mass
spectrometric analysis over several years. Early studies employed laser desorption ionization
(LDI) mass spectrometry as the primary mass spectrometry technique.16 In LDI-MS, a dried
sample of gold nanomolecule is ionized by an incident laser beam. The high energy of the laser
beam generally results in the fragmentation of the gold nanomolecules. The laser induced
fragmentation causes dissociation of all the ligands and gold atoms on the surface . Therefore
only peaks corresponding to bare gold cores, after the fragmentation of the ligands, were
observed. Figure 5.2 shows the LDI spectra of gold nanomolecules from a seminal report by
Whetten and coworkers. 16 Based on the peaks observed at different mass values, the size of the
gold nanomolecules was estimated. Also note that as the mass of the nanomolecule increases, the
peaks observed are broader. This is due to the limited resolution of the instrument at higher mass.
The peaks observed in LDI correspond to the core of the nanomolecules after the loss of ligands
and surface gold atoms. Using this technique, data about the composition, AuXSRY, of the
nanomolecules cannot be found unambiguously due to intrinsic fragmentation.
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Figure 5.2: LDI mass spectra of several gold nanomolecules. The peaks observed correspond to
the gold core with no ligands. Reprinted with permission from reference 16. Copyright © 1996
Verlag GmbH & Co. KGaA, Weinheim
The fragmentation induced by the LDI MS technique created a need for mass
spectrometry technique with minimal fragmentation. For this reason, the matrix assisted laser
desorption ionization time of flight (MALDI TOF) mass spectrometry technique was pursued.
MALDI TOF mass spectrometry has primarily been used for the analysis of biomolecules.
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Similar to LDI, MALDI utilizes laser induced desorption and ionization process. In MALDI,
however, the ionization of the analytes is improved when they are desorbed with another
compound called the matrix, which acts as a chromophore. The nanomolecule and matrix are
dissolved in a solvent, mixed and then spotted on the target plate.49 The energy from the laser
photon is first absorbed by the abundant matrix, resulting in the desorption and ionization of the
nanomolecule analyte leading to a “plume” of matrix and analyte ions..165 As the matrix plays a
major role in the MALDI technique, the choice of the matrix is very important. Since the matrix
and the sample preparation were not optimized, initial attempts in using MALDI TOF MS for
nanomolecule analysis did not yield high quality data and often involved fragmentation. In 2008,
Dass et al. first demonstrated that the use of trans-2-[3[(4-tertbutylphenyl)-2-methyl-2propenylidene]malononitrile [DCTB] as the MALDI matrix results in the formation of unfragmented, intact, molecular ions of gold nanomolecules.49 MALDI offers several distinct
advantages like high sensitivity, minimal sample needed for analysis, robust sample preparation
and high degree of ionization of all the sizes, and large mass range (up to 1,000,000 Da).
Generally, it leads to the formation of singly charged ions, and can result in low-resolution peaks
at higher mass. That is, it offers good resolution at lower mass and can be used for compositional
assignment, but the peaks observed at higher mass are very broad and cannot be assigned. Figure
5.3 shows the positive mode MALDI TOF mass spectra of Au25(SCH2CH2Ph)18 [MW = 7394
Da] and Au144(SCH2CH2Ph)60 [MW = 36596 Da]. Note that the peak corresponding to
Au25(SCH2CH2Ph)18 is narrow, while the peak corresponding to Au144(SCH2CH2Ph)60 is
relatively broad. Instrument resolution is the main contributing factor for the broader peaks at
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higher mass. Also, higher energy is required to ionize larger nanomolecules, which induces
fragmentation, causing further peak broadening.
In this chapter the role of mass spectrometry in the progress of nanomolecule research is
highlighted. Several applications of mass spectrometry in gold nanomolecule research are
described with examples. This comprehensive work is aimed toward improving the
understanding of mass spectrometry of gold nanomolecules.

*

Figure 5.3 MALDI TOF mass spectra of Au25-xAgx(SCH2CH2Ph)18 and Au144xAgx(SCH2CH2Ph)60

nanomolecules. The envelope of peaks indicated by asterisk corresponds to

the loss of Au4L4 fragments from Au25-xAgx(SCH2CH2Ph)18. The broad peak at ~35 kDa
corresponds to Au144-xAgx(SCH2CH2Ph)60.
Electrospray ionization mass spectrometry is the alternative technique used for the mass
spectrometric analysis of gold nanomolecules. First reported for an organo-thiolate case by
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Murray’s group and later on developed by Tsukuda’s group, this technique is now extensively
used for analysis of gold nanomolecules.92, 109 Many recent reports have used ESI-MS for the
compositional assignment of gold nanomolecules.33, 36, 97, 100 ESI-MS is also used for mass
spectrometric analysis of alloy gold nanomolecules and Faradaurate gold nanomolecules.100, 126127, 163-164

5.3 Experimental
5.3.1 MALDI TOF mass spectrometry
The experimental conditions explained in this work were successful in different MALDITOF mass spectrometers, such as the Bruker Autoflex I, Bruker Autoflex II, Bruker Ultraflex
and Voyager DE Pro mass spectrometers. The matrix of choice was DCTB for all sizes of
organic gold nanomolecules. The experimental results showed that DCTB in THF solution works
better than the commonly used solvent, toluene. The nanomolecule can be dissolved in toluene or
THF. A matrix concentration of 20 mM was used for routine analysis, but higher concentrations
(50 mM or 100 mM) and freshly prepared matrix solution were used to further minimize
fragmentation. The MALDI target plate was either a stainless steel plate (Bruker instruments) or
a gold-coated plate (Voyager DE Pro). The nanomolecule to matrix mole ratio was 1 to 1000, so
the energy from the laser photons will be absorbed primarily by the matrix and not the
nanomolecule, which would result in fragmentation. Typically, 2 to 5 µL of solution was spotted
using a micropipette. The droplet was then allowed to air dry, during which the matrix and the
sample co-crystallize to a near homogenous mixture of matrix and nanomolecule in the solid
state. This method of sample preparation is called the dried droplet method. The low
nanomolecule to matrix ratio minimizes the direct exposure of nanomolecules to the incident
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laser beam. The ratio of nanomolecule to matrix was critical and considerable optimization was
required. Lower matrix concentration increases fragmentation due to increased direct exposure of
the nanomolecules to the incident laser beam. Laser fluence is another parameter that affects
fragmentation. High laser fluence induces fragmentation of gold nanomolecules.
MALDI is typically coupled to axial time-of-flight (TOF) mass analyzers. Once the ions
are generated, they are directed into a drift free TOF tube. The ions generated are first
accelerated by an applied potential difference U, imparting charge dependent kinetic energy (KE)
given as follows:
KE = zeU
where z is the charge state, e is the charge of the electron and U is the potential difference
applied. Due to imparted kinetic energies, different analyte ions travel with different velocities
given as follows:
1
2KE
KE = mv 2 ! v =
2
m

where m is the mass of the analyte ion and v is the velocity at which the ions travel in the TOF
tube. Lighter ions have higher velocities compared to heavier ions and reach the detector faster,
resulting in the separation. The separation is based on both the charge and the mass of the analyte
ions. Microchannel plates are the common detectors used for MALDI TOF mass spectrometry.
The separation in MALDI TOF MS is related to the time of flight, allowing mass range of up to
1,000,000 Da.166
Electrospray ionization mass spectrometry
ESI-MS is a softer ionization process compared to MALDI-MS. ESI involves three basic
steps. First, charged droplets are produced at the electrospray capillary. Second, the charged
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droplets decrease in size due to solvent evaporation. Third, the highly charged droplets produce
gas phase ions that are singly or multiply charged. The Waters Synapt HDMS in our lab uses ESI
coupled with a quadrupole time-of-flight mass analyzer (QTOF). The QTOF mass analyzer gives
high resolution compared to TOF.
The intrinsic mechanism of ESI allows the formation of multiply charged ions that are
observed at lower mass/charge (m/z) values. For example, the mass of Au144(SCH2CH2Ph)60 is
36596 Da. If a doubly charged ion is formed in the ESI-MS, then the mass to charge ratio is
36596/2 = 18298. Therefore the peak for doubly charged Au144(SCH2CH2Ph)60 is observed at
18298 m/z. Similarly a triply charged ion of

Figure 5.4: Positive mode MALDI and ESI mass spectra of Au144(SCH2CH2Ph)60
nanomolecules. MALDI MS yield broader peaks; ESI-MS shows multiply charged sharp peaks
at lower mass.
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Au144(SCH2CH2Ph)60 is observed at 12199 m/z. The resolution of the peaks observed in mass
spectra is given by the equation 5.1.
resolution =

m
!m

Eq. 5.1

where !m is the width of the peak at half height and m is the m/z value of the peak. The peaks
observed at low mass are narrow/sharp while the peaks at higher mass are broader. Broad peaks
are not suitable for compositional assignment. Figure 5.4 shows the ESI-MS and MALDI TOF
MS data for Au144(CH2CH2Ph)60. ESI-MS data shows sharp multiply charged peaks, which can
be used to assign the composition while the MALDI MS yields broader peaks. In figure 5.4, the
resolution of the 2+ and 3+ ESI peaks is ~3000. The resolution of the MALDI peak is 16 due to
fragmentation coupled with the lower resolution of the TOF tube. The multiply charged peaks
of larger gold nanomolecules like Au144(SCH2CH2Ph)60 are better resolved. The multiply
charged peaks along with the higher resolution of ESI-MS yields highly reliable data for larger
gold nanomolecules.
5.4 Mass spectrometry of different sizes of gold nanomolecules
Mass spectrometry of small gold nanomolecules is well established. As the size of the
gold nanomolecule increases the mass spectrometric analysis becomes difficult. The reasons
behind this are the limitation in the instrument resolution at high mass and the decreased
ionization efficiency of larger gold nanomolecules. MALDI mass spectrometry is of sufficient
resolution for smaller nanomolecules.49, 103, 167 MALDI MS peaks for larger nanomolecules are
broad and do not yield much information about the composition. The protocol for mass
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a

b

Figure 5.5: a) MALDI (blue) and ESI (red) spectra of smaller gold nanomolecules. b) MALDI
(blue) and ESI (red) mass spectra of larger sizes. The MALDI peaks become increasingly
broader with increasing size. Note that the scale in figure b is different and the MALDI peaks
appear sharper. For Au329, the MALDI peak shows a resolution of ~40 and the 4- ESI peak
shows a resolution of ~1600.

spectrometric analysis is the same for all sizes. Figure 5.5 shows the MALDI and ESI spectra of
several gold nanomolecules. Smaller sizes show good ion count in both the MALDI and ESI
techniques. Nanomolecules other than Au25(SR)18 do not show singly charged molecular ions or
show very low ion counts in ESI. ESI mass spectra show multiply charged peaks for larger

133

clusters. These multiply charged peaks are sharp and appear at a lower m/z ratio. Charge states of
up to -5 are formed in the ESI for larger gold nanomolecules. Using the sharp peaks at lower
mass values, the composition of the nanomolecule can be calculated as described in the next
section.
5.5 Mass spectrometry for compositional assignment

Figure 5.6: Positive mode ESI MS for an unknown nanomolecule synthesized with
phenylethanethiol (PC2) and hexanethiol (C6). The mass difference between the peaks is 373
Da. The nanomolecule is assigned as Au137(SR)56 using the mass difference method.
Mass spectrometry has played a pivotal role in realizing the atomically monodisperse
nature of gold nanomolecules.31, 89, 168-169 The primary goal of the characterization technique is to
determine the chemical nature of reaction mixture. Organic chemists typically rely on a
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combination of techniques like NMR spectroscopy and mass spectrometry to assess the reaction
mixture and estimate its purity. The composition of gold nanomolecules is obtained from mass
spectrometry and optical spectroscopy. The latter technique is only useful for previously known
sizes, whose signature absorption features are reported in literature. Optical spectroscopy is not
useful for the analysis of polydisperse samples as the observed spectrum would be a collective
signal due to addition of the contributions from the different sizes in the sample. Thus the
usefulness of mass spectrometry largely outweighs all other techniques in compositional
assignment of gold nanomolecules due to its ease of use, robustness, and economical access.
For larger nanomolecules, when isotopically resolved peaks are not available, an
alternative method is used for compositional assignment based on mass spectrometry results.
This requires that the nanomolecule be formed with two different ligands. Consider a
nanomolecule with AuX(SR)Y composition, whose mass given by:
Mass of AuX(SR)Y = (X × mass of Au) + (Y × mass of -SR)
The mass of the same nanomolecule with ligand –SR1 is given by:
Mass of AuX(SR1)Y = (X ×mass of Au) + (Y ×mass of –SR1)
The mass of the same nanomolecule with ligand –SR2 is given by:
Mass of AuX(SR2)Y = (X ×mass of Au) + (Y ×mass of –SR2)
The mass difference ( !m ) between AuX(SR1)Y and AuX(SR2)Y is given by:

!m = ( mass of AuX(SR1)Y) - (mass of AuX(SR2)Y) = Y ×(mass of SR1-mass of SR2)
That is, the mass difference of the same nanomolecule with two different ligands is a product of
the number of ligands and the mass difference of the ligands used. If the same nanomolecule is
prepared with two different protecting ligands, then the number of ligands can be obtained from
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the mass spectrometric data. Once the number of ligands is known, the number of gold atoms can
be calculated using the total mass. This procedure is used for the compositional assignment of
new nanomolecules. Such a method was first reported by Tsukuda and coworkers and is
extensively used for compositional assignment of new sizes of gold nanomolecules.31, 35-36, 92, 127,
164

Figure 5.6 shows positive mode ESI spectra of a new nanomolecule made with two
different ligands, phenylethanethiol and hexanethiol. The peaks correspond to 3+ charge state.
The charge state can be confirmed in two ways. First, the MALDI TOF mass spectrometry gives
the molecular ion peak. For this new nanomolecule, the peak in the MALDI spectrum was
observed around 34500 m/z. Thus the doubly and triply charged peaks are observed around
~17200 m/z and ~11500 m/z values, respectively. Alternatively, based on the several set of peaks
observed in the ESI mass spectra, the charge can be calculated. A mass difference of 373 m/z
units was observed between the 3+ peaks for the nanomolecule with phenylethanethiol and
hexanethiol. The mass difference between the molecular ions would be 3 x 373 = 1119 Da. The
mass difference between the phenylethanethiol and hexanethiol ligands is 137-117 = 20 Da.
Based on equation 2, the number of ligands in this nanomolecule is 1118/20 = 56. Thus the
nanomolecule has 56 ligands. From the total mass the number of gold atoms can be calculated as
follows using equation 2:
# of Au atoms = (total mass – sum of the mass of all the ligands) / mass of one Au atom
Using the equation above, the number of gold atoms in this nanomolecule = (34669 – 7684) /
197 = 137 gold atoms. The same number of gold atoms is found in the nanomolecule with
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hexanethiol. Thus, the composition of this previously unreported nanomolecule is Au137(SR)56.
We recently reported this new nanomolecule with different ligands and alloys.36
It is important to confirm that the same nanomolecule is formed with two different
ligands. Optical absorption spectroscopy can be used to confirm this. The optical properties arise
from the inner gold-sulfur core of the nanomolecules and are not typically affected by the
chemical nature of the protecting ligands. The same gold nanomolecule with two different
ligands should therefore give similar absorption spectra. Optical absorption spectroscopy is
therefore used to complement the mass spectrometric analysis for the compositional assignment
of a new nanomolecule.
The high resolution of the ESI mass spectrometry technique gives isotopically resolved
peaks at lower mass. Different isotopes of the elements present in a nanomolecule result in a
signature isotopic pattern for each nanomolecule. The isotopic pattern can also be calculated
theoretically using several commercially available software programs. If the estimated
composition is correct, then there is a perfect match between the theoretical and experimental
isotopic pattern. But an isotopically resolved peak is only possible for peaks observed at lower
m/z values (<10000). Furthermore, isotopic resolution is only observed when the ions are
abundant with a high signal to noise ratio. Lower ion counts have interference from the
background and result in peaks that are not isotopically resolved. Thus, with increasing size,
compositional assignment based on the isotopic pattern is not feasible with commonly available
mass spectrometers. Figure 5.7 shows isotopic resolution of Au25(SCH2CH2Ph)18 and
Au38(SCH2CH2Ph)24 nanomolecules. The experimentally observed isotopic patterns match
reasonably well with the theoretically predicted patterns. The composition of several
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nanomolecules has been assigned based on the isotopic pattern.170-171 However, this method is
only applicable for smaller sized gold nanomolecules.

a

b

Figure 5.7: Experimental (black) and theoretical (red) isotopic patterns for a) 1+ peak of
Au25(SCH2CH2Ph)18 and b) 2+ peak of Au38(SCH2CH2Ph)24.
5.6 Mass spectrometry for monitoring the synthesis of gold nanomolecules
Different sizes of gold nanomolecules are synthesized using the two-phase BrustSchiffrin method or the one phase THF method.12, 28 In both the methods, gold-thiol polymers are
reduced to gold nanomolecules using sodium borohydride or another reducing agent. The nature
of the synthetic product is time dependent and the gold nanomolecule population in the reaction
flask varies with time. This was demonstrated for the case of one-phase synthesis using
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Au25(SCH2CH2Ph)18. First, the size evolution was investigated using UV-vis absorption
spectroscopy.29 But this did not yield any information regarding the nanomolecule sizes present
at different time intervals. The same reaction was monitored by MALDI TOF mass
spectrometry. Some rich compositional information was obtained from the MS study and the size
evolution of Au25(SCH2CH2Ph)18 was shown.30 Figure 5.8 shows the MALDI TOF mass spectra
of the different samples obtained from the one-phase THF synthesis of Au25(SCH2CH2Ph)18. In
the samples collected at 5 min, 1 hour and 6 hour there were several sizes larger than Au25 in the
reaction mixture. In the 3 day sample, all the larger sizes had decomposed and only
Au25(SCH2CH2Ph)18 was present in the sample. The exclusive presence of Au25(SCH2CH2Ph)18
in the final product was also confirmed by the UV-vis absorption spectrum of the final sample.
Mass spectrometry is now the analytical technique of choice to monitor the synthetic reactions.
The technique has also been extended to study the etching reactions.35, 95, 97, 168

Figure 5.8: MALDI TOF mass spectra of several samples collected from a one phase THF
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synthesis for the synthesis of Au25. Initially there are several sizes of gold nanomolecules in the
reaction mixture. After 3 days, Au25(SCH2CH2Ph)18 is the predominant species in the reaction
mixture. Note that the several peaks observed in the mass spectra are due to the fragmentation
induced in the mass spectrometer. Reprinted from reference 30. Copyright 2010 American
Chemical Society.
Recently our group reported the formation of Au36(SPh)24 nanomolecules, identified by using
MALDI TOF mass spectrometry. Similarly, core conversion reactions can also be studied by
mass spectrometry.35, 172 Also, mass spectrometry based mechanistic investigations have been
reported recently for different types of core conversion reactions.173 Based on the mass range of
interest, either MALDI-TOF MS or ESI-MS are used to monitor different types of reactions.
5.7 Mass spectrometry of Alloy Nanomolecules
Compositional isomers or “Composomers” have the same number of total metal atoms
but the number of individual types of atoms vary.9 Au25(SR)18 and Au23Ag2(SR)18 are
composomers. Both of the species have same number of metal atoms and ligands, but the
number of gold and silver atoms is different. Due to the high stability of gold nanomolecules,
they can withstand alloying with different metals. Alloying of gold nanomolecules with
palladium, platinum, silver and copper have been reported in the literature.35, 102-103, 155-156, 174-175
Alloying combines the properties of two metals at the nanoscale. The extent of alloying can be
monitored by mass spectrometry tools.
For smaller sizes, MALDI MS can be used to find the number of non-gold metal atoms
doped into the nanomolecule. It is interesting that these metals are incorporated into the central
core of the gold nanomolecules. Due to the interaction with the core, alloying affects the
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electronic properties of gold nanomolecules. Figure 5.9(a) shows the MALDI mass spectrum of a
Au-Ag 38-metal atom nanomolecule. The mass difference between gold and silver is 89 Da. The
mass spectrum in Figure 5.9(a) shows a mass difference of 89 units between consecutive peaks,
indicating doping with Ag atoms. The peak labeled 5 has the composition Au33Ag5(SR)24. Peaks
for other composomers are also observed. Moving to the left within the envelope of peaks, each
consecutive peak corresponds to one additional silver atom doping. Due to the lower mass,
MALDI MS peaks corresponding to silver incorporations are well resolved for 38-metal atom
nanomolecule.

a

b

Figure 5.9: a) MALDI mass spectrum of Au-Ag 38-metal atom nanomolecule. The mass
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difference between the peaks is 89 units, corresponding to individual silver incorporations. b)
MALDI (blue) and ESI (red) mass spectra of Au-Ag 144-metal atom nanomolecules. Peaks from
MALDI MS are broad but ESI MS has enough resolution to show silver incorporation.
Figure 5.9(b) shows the MALDI (blue) and ESI MS spectra for the Au-Ag 144-metal
atom system. The MALDI peak is very broad and no information about the composition was
obtained. Peaks corresponding to silver incorporations are well resolved in the ESI MS data
(red). The peaks correspond to 3- charge and the mass difference observed was 89/3 units. The
inset shows the zoomed in spectrum to illustrate the silver incorporation. The number on each
peak correspond to the number of silver incorporations into the core. The ion corresponding to
the peak with maximum intensity (numbered 53) has a composition of Au91Ag53(SR)60. Using
ESI MS, alloying of Au144 with copper and palladium has also been reported.155-156
5.8 Probing purity of gold nanomolecules using MALDI mass spectrometry
Highly monodisperse gold nanomolecules are essential for characterization studies and to
develop applications using these materials. While isolating highly monodisperse nanomolecules
is challenging in its own right, probing the purity of the nanomolecules is non-trivial. Mass
spectrometry is highly reliable for this purpose. MALDI MS gives accurate information about
the population of nanomolecules in a sample, compared to ESI MS. In ESI MS, charged
nanomolecules ionize efficiently, resulting in a dominant peak, while uncharged neutral
nanomolecules do not ionize well and are not observed in the mass spectrum. MALDI MS, on
the other hand, ionizes all the species in the sample at higher laser fluence and gives more
accurate information about size distribution and therefore the sample purity. The combined
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presentation of ESI and MALDI MS spectrum can display a purity for the nanomolecule that is
of high confidence.
5.9 Mass spectrometry induced fragmentation
Typically, molecular ion peaks are the most dominant in the mass spectra. In ESI-MS,
peaks corresponding to multiply charged ions are observed. These multiply charged ions are still
intact nanomolecules with no fragmentation. Increased laser fluence in MALDI-MS induces
fragmentation in the nanomolecules. The loss of Au4L4 is the most common MALDI
fragmentation pattern observed for gold nanomolecules.49 Larger gold nanomolecules like Au67,
Au~103-105 and Au144 show fragmentation in the MALDI mass spectra. Minimizing fragmentation
for these sizes is very difficult and time consuming. Figure 5.10 shows the MALDI TOF mass
spectra of Au~103-105 collected with increasing laser fluence. Higher laser fluence induces
fragmentation in the mass spectrometer.

Figure 5.10: Positive mode MALDI mass spectra of Au~103-105 with increasing laser fluence.
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Laser fluence is increasing from top to bottom. Higher laser fluence induces fragmentation of the
nanomolecules and results in broad peaks.
Using laser fluence at a threshold value which is just sufficient for ionization minimizes
fragmentation. However, in the case of Au36(SPh)24, MALDI MS always shows a loss of one
ligand. In the first report on Au36, the nanomolecule composition was wrongly assigned as
Au36(SPh)23 solely based on MALDI MS results.168 This loss of one ligand is due to the lower
stability or fragility of an aromatic thiolate protected Au36 nanoparticle. Recently, the correct
composition was found to be Au36(SPh)24 using X-ray crystallography and ESI MS.108 Therefore,
it is important to confirm the assignment with both MALDI MS and ESI MS techniques.

Figure 5.11: Positive mode ESI Q-TOF MS/MS analysis on 2+ peak of Au36(SPh)24 at m/z 4854
showing the systematic fragment loss of 2L (L = PhS-, MW = 110 Da), 4L, and Au4L4 with
increasing trap collision energy (shown to the right of each spectrum).
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To study fragmentation of Au36(SPh)24 nanomolecules, intentional fragmentation was
induced in the ESI MS by increasing trap collision energy. Figure 5.11 shows fragmentation
studies. However, the loss of one ligand, as in MALDI, was not observed in the ESI. There was a
systematic loss of two ligands, and a loss of Au4L4 was also observed.
5.10 Mass spectrometry of water-soluble nanomolecules
Tremendous progress has been made in mass spectrometry of larger organic
nanomolecules. There is limited progress in the mass spectrometry of water soluble
nanomolecules, with a few literature reports on low-resolution MS of aqueous solutions of
glutathione (SG) protected gold nanomolecules. This is mainly due to difficulty in controlling the
balance between fragmentation or dissociation of the water soluble nanomolecules vs generation
of intact molecular ions. Being a softer ionization technique, ESI MS can be used for the MS of
water soluble nanomolecules. Several controllable parameters in the ESI MS technique makes
this possible. Note that there are no reports on the MALDI MS of water-soluble nanomolecules.
After injecting water-soluble nanomolecules into the ion source, dissolvation needs to be
controlled. Water has a high evaporation temperature and therefore is difficult to evaporate to
produce gas phase ions in the ESI source. At the same time, aqueous and neutral pH solutions are
more difficult to electrospray, and nanomolecules tend to aggregate in these solutions.176
Therefore organic solutions such as methanol and acetonitrile are commonly added to aqueous
samples. By considering solubility and dissolvation factors, a 50:50 water:methanol solution was
used to electrospray the samples.
Once the solvent is optimized, dissolvation temperature is the next parameter in the order
of importance. It is well known that gas phase molecular ions are extremely fragile in larger non-
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Figure 5.12: High resolution ESI-MS mass spectrometry of PAGE separated glutathione (SG)
protected gold nanomolecule bands 0, 1, 2, 3, 4, and 5 showing the corresponding assignments
Au22(SG)17,

Au25(SG)18Na4,

Au29(SG)20Na8,

Au35(SG)22Na4,

Au38/39(SG)24Na4,

and

Au43(SG)26Na6 respectively. Several charge states ranging from -5 to -9 were observed for the
bands. Reprinted with permission from reference 170. Copyright 2014 Royal Society of
Chemistry.
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covalent complexes such as nanomolecules, oligosaccharides, proteins and oligonucleotides.177178

Therefore dissolvation is critical to produce intact molecular ions in the gas phase. But at the

same time, all the solvent droplets need to be evaporated to bring the analyte molecules to the
gas phase. In this case, the dissolvation temperature used was 40 - 600C. Source gas can also
induce fragmentation in the case of fragile analyte molecules. For this reason no source gases
were supplied to the ionization chamber. Cliffel and coworkers found that higher sample cone
flow rates reduce fragmentation in short-chain PEG mixed monolayer protected gold clusters.179
Therefore cone gas flow rates were set to 45 L/h. Bigioni and co-workers used trap and transfer
collision energy values of 4.0 V and 1.0 V respectively for similar sized silver nanomolecules.178
For our experiments, trap and transfer values of 1.0 V and 0.5 V were used to get the best results.

Figure 5.13: Theoretical and experimental isotopic distribution of Au22(SG)17, Au25(SG)18Na4
and Au43(SG)26Na6 showing excellent match. Reprinted with permission from reference 170.
Copyright 2014 Royal Society of Chemistry.
Figure 5.12 shows ESI mass spectra of several sizes of gold nanomolecules separated by
polyacrylamide gel electrophoresis (PAGE). The smallest size, band 0 was assigned to
Au22(SG)17. Several fragments were observed due to the loss of pyroglutamic acid from
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glutathione ligands on the nanomolecule surface. This lead to an envelope of peaks near the
molecular ion region accompanied by many peaks in the low mass, <1500 Da region. In
comparison with band 0, the larger bands ionized with minimal fragmentation. Band 1 in 35%
gel was identified as Au25(SG)18 and this was the most common species in the product. Charge
states -5 to -9 were observed for Au25(SG)18. It is common that a few Na atoms were associated
with the negatively charged glutathione molecules that protect the NMs. We suspect these Na
atoms came from NaBH4 addition or from buffer solutions used for the PAGE separation.
Therefore we assigned the formula of band 1 as Au25(SG)18Na4. It is common that contaminants
of upper or lower band species also show prominent peaks in mass spectra. Peaks for
Au25(SG)18Na4 and Au22(SG)17 were observed in the ESI mass spectrum as shown in figure 5.13.
These peaks were isotopically resolved and showed a good match with the theoretically
calculated isotopic peaks.
5.11 Conclusions
This work provides a summary of the pivotal role of mass spectrometry techniques in
gold nanomolecules research. The applications are illustrated with specific examples. MALDI
and ESI MS methods are compared and contrasted in appropriate applications. The mass
spectrometry techniques can be applied for monitoring synthesis, compositional assignment and
fragmentation studies. Alloying and ligand exchange reactions can also be monitored by mass
spectrometry techniques. Mass spectrometry is used for the compositional assignment of very
large nanomolecules to atomic precision. All these applications are illustrated in this chapter.
Also, mass spectrometry of water-soluble nanomolecules is demonstrated and possible
challenges are addressed.

148

CHAPTER SIX

SIZE EXCLUSION CHROMATOGRAPHY OF GOLD NANOMOLECULES

149

CHAPTER SIX

SIZE EXCLUSION CHROMATOGRAPHY OF GOLD NANOMOLECULES
6.1 Abstract
Highly monodisperse samples are essential to understand the properties of gold
nanomolecules and to pursue various applications of gold nanomolecules. Unfortunately,
synthetic protocols that exclusively yield single sized NMs are not available; instead, a
polydisperse sample with a mixture of various core-sizes is obtained. Therefore post synthetic
separation is required to isolate pure nanomolecules. Solvent fractionation and size exclusion
chromatography (SEC) are the primary separation techniques used in this research. Solvent
fractionation is based on the varying solubility of different sizes of gold nanomolecules. It is a
tedious process, with less control, but can be used reproducibly. SEC of NMs is a recent
development by Stefan et al.34 It is a very efficient technique, offers great control and separates
sizes as large as 200 kDa. Au137(SR)56, which could not be isolated by solvent fractionation, was
separated from a mixture of Au329(SR)84, Au144(SR)60, Au137(SR)56 and Au130(SR)50 using
multiple SEC cycles.36 Highly pure samples required for TEM analysis were obtained using this
technique. In this work, SEC was used to separate samples of varying size distribution, ligands
and composition, proving its versatility. Similar separation protocols can be used for other sizes
that are difficult to isolate using other methods. This is a great advancement in the field of gold
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nanomolecules and SEC is by far the best separation technique available.

151

6.2 Introduction
Highly monodisperse gold nanomolecules are essential for complete characterization and
pursuing applications in different areas. Synthetic protocols yield a mixture of different sizes and
post synthetic separation is required to obtain pure samples. Solvent fractionation and size
exclusion chromatography (SEC) are used for isolating different sizes from a polydisperse
mixture.
6.2.1 Solvent fractionation
Whetten and coworkers first reported solvent fractionation in their seminal work.16
Solubility of the gold nanomolecules varies with the size. Smaller sizes are soluble in polar
solvents like acetonitrile and acetone, while larger sizes are soluble in solvents like toluene,
dichloromethane and THF. This difference in the solubility of different sizes is exploited in
solvent fractionation. Note that the smaller sizes are soluble in acetonitrile, acetone, toluene,
dichloromethane and THF. As the polarity of the solution increases, the larger sizes precipitate
first followed by smaller sizes. This technique gives minimal control and is a tedious process.
Our group reported separation of Au67 and Au~103-105 nanomolecules using solvent
fractionation.31, 33
6.2.2 Size exclusion chromatography
The size exclusion chromatography (SEC) separation technique based on size and shape,
was recently developed by Stefan et al. It is also used for separations of proteins, lipids, fatty
acids, lipophilic polymers and polycyclic aromatic compounds.180 Smaller nanomolecules travel
through the pores of the beads while larger nanomolecules escape through the spaces between
the beads. As a result, smaller nanomolecules elute slower than the larger nanomolecules thereby
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separating from each other. SEC offers better control than solvent fractionation and is not as
tedious as the latter. SEC uses beads made of neutral, porous styrene divinylbenzene copolymers
that are soaked in organic solvents and packed in a glass column.180 The extent of crosslinking
determines the pore size of the beads. Solvents like benzene, dichloromethane, carbon
tetrachloride, perchloroethylene, DMF, trichlorobenzene and THF can be used for this purpose
and the choice of solvent affects the pore size of the beads. Biorad SX-1 beads are used for the
separation of gold nanomolecules. The size exclusion range for these beads is 600 to 14000 Da.
This exclusion limit is for different types of polymers and proteins.180
Stefan et al. used SEC for the separation of Au38(SR)24 and Au40(SR)24.34 In the present
study, SEC was used to separate several larger and smaller sizes of gold nanomolecules and the
versatility of the technique is proved by different experiments. It is by far the most efficient
separation technique and offers great control over the separation. The isolation of highly
monodisperse nanomolecules, not accessible before, opens up a whole new arena for different
applications.
6.3 Experimental
6.3.1 Solvent fractionation
In solvent fractionation, the polydisperse mixture is first dissolved in solvents like
toluene, dichloromethane or THF. The polarity of the solution is gradually increased by addition
of methanol or acetonitrile. For best results, an optimum concentration of the polydisperse
mixture must be used. A highly concentrated solution would lead to poor separation, whereas
dilute solutions would require large volumes of acetonitrile or methanol. Typically, 100 mg of a
polydisperse mixture was dissolved in 0.2 to 1 mL solvent. To this solution the non-solvent was
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added gradually using a micropipette in small quantities, typically in multiples of 100 µL. Once a
precipitate is observed in the solution, the vial was centrifuged to separate the precipitate
(insoluble portion) from the supernatant (soluble portion). The fractions were then analyzed by
mass spectrometry to determine their composition.
6.3.2 Size exclusion chromatography
SEC beads were first soaked overnight in excess THF. The swollen beads were packed in
a column. The polydisperse mixture was dissolved in a minimal amount of THF (typically 0.2 to
1 mL). The solution was evenly loaded onto the column bed. Initially the solvent was slowly
added to the inner walls using a glass pipette to minimize the disturbance of the column bed. The
sample should start as a thin band for best separation results. Several fractions were collected
form the column and analyzed by mass spectrometry.
6.4 Results and discussion
SEC gives access to highly pure samples for characterization and other applications. In
this work, SEC of different types of nanomolecule mixtures was performed. The size separation
was studied by mass spectrometry.
6.4.1 Solvent fractionation vs SEC
Solvent fractionation is a very tedious process with minimal control compared to SEC.
To demonstrate this, both SEC and solvent fractionation were employed to separate a mixture of
Au67 and Au102 nanomolecules.
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b

Figure 6.1: a) MALDI mass spectra of the different fractions from the use of solvent
fractionation to separate Au~103-105 and Au67 nanomolecules b) MALDI mass spectra of different
fractions from the use of SEC to separate Au~103-105 and Au67 nanomolecules. SEC offers better
control than solvent fractionation.
Figure 6.1 a shows MALDI TOF mass spectra of different fractions obtained from
solvent fractionation of a mixture of Au~103-105 and Au67. The arrows indicate the source of
samples for different fractionation steps. First the crude product was dissolved in toluene and
precipitated with methanol. The soluble and insoluble fractions were separated and labeled as Sol
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1 and Insol 1 respectively. Insol 1 showed peaks for Au~103-105 and minor amounts of Au67. This
sample was further fractionated using toluene and methanol to obtain Insol 2 and Sol 2. The grey
arrows indicate the consecutive fractionation steps. Au~103-105 was the most dominant species in
Insol 2 and it was further fractionated. The soluble and insoluble fractions obtained from Insol 2
were labeled Insol 3 and Sol 3. Insol 3 showed nearly pure Au~103-105. As reflected in the mass
spectra, the size separation was not perfect and Au~103-105 was lost in fractions Sol 1 and Sol 2.
Figure 6.1 b shows MALDI mass spectra of fractions obtained from SEC of a mixture of
Au~103-105 and Au67 nanomolecules. In SEC, larger sizes elute first, followed by smaller sizes.
The first fraction is labeled F1 and subsequent fractions were labeled with increasing numbers.
Au~103-105 was predominant in fractions F2 and F3. Note that better separation could be achieved
by collecting more fractions from the column. Pure Au67 was obtained in fractions F7, F8 and F9.
There was minimal loss of sample in the form of mixtures as compared to solvent fractionation.
The mixtures could be separated with multiple SEC cycles. On the other hand, solvent
fractionation did not yield pure product even after multiple fractionation steps. This demonstrates
the superior performance of SEC for separation of gold nanomolecules, both in terms of good
separation and minimal time for the operation.
6.4.2 Size range for SEC separation
Biorad SX-1 beads are used for the separation of gold nanomolecules. For proteins and
polymers, the mass range with SX-1 beads is 600-14000 Da. This mass range might not apply to
gold nanomolecules. To investigate this, crude product with nanomolecules larger than 200 kDa
was used for SEC separation. Figure 6.2 shows different fractions collected from the column.
The crude product showed peaks around 35 kDa, but there were also higher clusters in the
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Figure 6.2: Postive mode MALDI mass spectra of several fractions collected from SEC of a
polydisperse sample. Nanomoleucles as large as 200 kDa were separated using SEC.

samples obscured by the high intensity of smaller sizes. This is due to better ionization of smaller
sizes of gold nanomolecules, compared to larger sizes. A total of 20 fractions were collected
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from this separation. Fractions showing similar nanomolecule distributions are omitted for
clarity. The first fraction eluting from the column was numbered 1. Since larger sizes elute
before smaller sizes, the first three fractions had sizes ranging from 100 kDa to 200 kDa. Later
fractions showed sizes ranging from 10 kDa to 100 kDa.
This separation proves that gold nanomolecules as large as 200 kDa can be separated
using SEC. The crude product used for separation was not etched and therefore nanoclusters with
broad peaks were observed in the MALDI mass spectra of fractions F2 to F9. All the sizes of
gold nanomolecules reported so far are in the mass range of 5 kDa to 250 kDa and should be
separable using SEC. Recently, our group reported Au130(SR)50, Au137(SR)56 and Au144xCux(SR)60

separated by SEC.35-36, 156

6.4.3 Separation of different sizes using SEC
Mixtures of NMs protected by (a) phenylethanethiol (b) hexanethiol and (c)
dodecanethiol can be separated by SEC.35 Nanomolecules with other ligands can also be
separated using SEC, for it is solely based on the hydrodynamic volume of the nanomolcules
(size) and there are minimal chemical interacations between the beads and nanomolecules.34
Au36(SPh)24, a nanomolecule protected with thiophenol, can be separated using the same
separation protocol.
Figure 6.3 shows the MALDI mass spectra of different fractions collected from a SEC
column for separation of Au36(SPh)24 from other larger and smaller sizes. The peak observed at
8400 m/z units in the mass spectra corresponds to Au36(SPh)24. The crude product appeared to be
pure with no peaks at higher mass range. The first three fractions showed MALDI peaks for
larger nanomolecules that are obscured in the mass spectrum of crude product due to the
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relatively high peak intensities of lower sizes. SEC can be used to eliminate such minor amounts
of impurities to obtain monodisperse samples. Fractions F8 and F9 corresponded to highly pure
Au36(SPh)24. The separtion proves that SEC can be used for nanomolecules with different
ligands like phenylethanethiol, hexanethiol, dodecanethiol and thiophenol.

Figure 6.3: Positive mode MALDI mass spectra of the fractions collected from separation of
Au36(SPh)24 from other larger and smaller sizes in the sample.
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Sizes in the 20 kDa to 100 kDa mass range can also be separated using SEC. Au144(SR)60
is one of the most stable gold nanomolecules and is of broad interest.92, 182 Au144 is observed in
etching reactions and can be separated from a mixture of different sizes using SEC. A starting
material with a mixture of Au144, Au329 and other smaller species was used for separation. Figure
6.4 shows the MALDI mass spectra of different fractions collected from the column. Fraction 3
showed peaks corresponding to Au144 and larger sizes. Fraction 4 was pure Au144. Fractions 5
and 6 showed Au~103-105 and Au67 nanomoleucles. Fractions 7 and 8 were highly pure Au38
samples. One separation procedure yielded pure Au144 and Au38. Such a separation is not
attainable by solvent fractionation.

!"#$$%

!"&'%
Figure 6.4: MALDI mass spectra of the fractions collected from separtion of Au38 and Au144.
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6.4.4 SEC for obtaining highly pure samples for TEM
Mass spectrometry is increasingly used to find the composition of gold nanomolecules.
Size related information cannot be obtained from mass spectrometry. TEM is used to study the
size of gold nanomoleucles and any impurities present in the sample are easily observed. It is
common to find samples deemed to be pure by mass spectrometric analysis show that many
different sizes in TEM. Therefore, TEM analysis requires highly monodisperse samples. Such
high monodispersity is not achievable by solvent fractionation techniques. Several cycles of SEC
are required to obtain highly pure samples for TEM analysis.

Figure 6.5: Positive mode MALDI mass spectra of different fractions from SEC to obtain highly
monodisperse Au67 for TEM analysis.
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Figure 6.5 shows purification of Au67 for improving monodispersity. The starting
material used for SEC was one of the fractions from solvent fractionation. The sample looked
pure based on mass spectrometry data. However, except for fractions F6 through F10, all
fractions contained nanomolecules larger than or smaller than Au67. Fraction F8 can be used for
TEM analysis. Monodispersity can be improved by several SEC cycles. For example, fractions
F6 through F10 could be combined for another SEC column. SEC is a powerful tool to obtain
monodisperse samples for different purposes.
6.4.5: SEC of closely related sizes
Gold nanomolecules of various sizes are observed during synthesis and etching reactions.
Some of these sizes only vary by a few atoms. SEC of such closely related sizes is difficult and
several cycles are required in many cases. Stefan et al. reported the separation of Au38 and Au40

Figure 6.6 Crude product used for SEC. Sizes larger than 100 kDa (minor peaks are observed),
76 kDa, ~ 35 kDa (this peak is collective of Au130, Au137 and Au144) and other smaller sizes were
present in the sample.
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nanomolecules by multiple SEC separation cycles.34 When two closely related sizes are passed
through SEC, the fractions collected are dominated by one of the sizes. Separation of three
closely related sizes becomes increasingly difficult based on the similarity in the sizes. In this
experiment, Au137(SR)56 was separated from a mixture of Au130(SR)50, Au137(SR)56 and
Table 6.1. Mass values in (m/z) for multiply charged peaks of different sizes

Au144(SCH2CH2Ph)60
Au137(SCH2CH2Ph)56
Au130(SCH2CH2Ph)50
Au329(SCH2CH2Ph)84

1+

2+

3+

4+

36597
34669
32467
76329

18298
17334
16233
38164

12199
11556
10822
25443

9149
8667
8116
19082

Figure 6.7: Purification of Au137(SR)56 using SEC: ESI MS of the fractions collected from SEC
of crude product. Initial fractions contained Au329, followed by mixture of Au137 and Au144, with
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the later fractions dominated by Au130. Fractions 12 through 14 (in red) were used for a second
SEC cycle.
Au144(SR)60. There are several challenges associated with this separation. Firstly, the three sizes
only vary by few gold atoms and ligands making the separation difficult. Secondly, the peaks for
these three nanomolecules cannot be distinguished in MALDI MS, so the separation needs to be
monitored by ESI MS. This separation was achieved by three SEC cycles. The starting material
contained a mixture of Au329(SR)84, Au144(SR)60, Au137(SR)56 and Au130(SR)50. -R corresponds to
phenylethanethiol. Other smaller (<30 kDa) and larger (>80 kDa) sizes were also present in the
sample. SEC fractions were monitored by ESI-MS which shows multiply charged peaks. Table
6.1 shows the mass values of these nanomolecules at different charge states. Mass values in red
were used to identify different sizes in the mass spectra. Figure 6.7 shows the fractions collected
from the SEC. Redundant fractions with similar size distribution are eliminated for better
understanding. Au329(SR)84 eluted first and was dominant in fractions 4 through 6. Fractions 10
through 12 corresponded to pure Au144(SR)60. Fractions 13 and 14 showed a mixture of
Au144(SR)60 and Au137(SR)56. Fractions 17 through 19 contained a mixture of Au144, Au137 and
Au130. Fraction 20 contained pure Au130.
Fractions with pure Au137 were not obtained from this separation. For further purification
samples with Au144 and Au137 were combined for another cycle of SEC. Fractions with Au130
were avoided as the separation would be difficult. Fractions 12 through 14 from the first SEC
were combined and used for the next cycle. Figure 6.8 shows the fractions obtained from the
second cycle. Fractions 1 through 3 did not show any peaks in the ESI MS. Au144 was dominant
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in fractions 4 through 8 and Au137 was dominant in fractions 10 through 14. The second cycle
did not yield pure Au137. Fractions 10 through 14 were combined for a third SEC cycle.

Figure 6.8: Purification of Au137(SR)56 through a second SEC: ESI MS of the fractions collected
from the second SEC cycle. Fractions 10 through 14 (in red) were used for a third SEC cycle.
Figure 6.9 shows the ESI MS of the fractions collected from the third SEC. Pure Au137
was isolated in fractions 6 through 11. Using this protocol we recently isolated Au137(SR)56
nanomolecules.36 Pure Au137(SR)56 was characterized by various analytical techniques and
catalytic properties were investigated. SEC can be used to separate very closely related sizes as
demonstrated in this experiment.
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Figure 6.9: Pure Au137(SR)56 obtained in a third SEC: ESI MS of the fractions collected from the
third SEC cycle. Fractions 10 through 14 from the second SEC cycle were used as the starting
material.
6.5 Conclusions
Several sizes of gold nanomolecules can be isolated by SEC. The size range of SEC is up
to 200 kDa, making this technique suitable for all the different nanomolecule sizes reported so
far. The diversity of SEC is demonstrated with several examples. SEC can be used for isolation
of nanomolecules with different ligands and monodispersity can further be improved by multiple
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cycles. Separation of closely related sizes is challenging, but achievable through multiple cycles.
Separation of Au137(SR)56 from a mixture of Au329(SR)84, Au144(SR)60, Au137(SR)56 and
Au130(SR)50 is demonstrated. The same protocol can be applied for isolation of any
nanomolecule observed in the mixture. However, if the nanomolecule is present in very minor
amounts, isolation could become increasingly difficult. By far, SEC is the most efficient
technique for the separation of gold nanomolecules and would greatly contribute to the progress
of the field.
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7.1 Abstract
In this chapter the contributions towards the gold nanomolecule research from this
dissertation work are highlighted. Nanomolecules with dithiols were not explored extensively.
In this dissertation the effect of chain length on bidentate binding was studied using Au25(SR)18
as a model system. Core size conversion reactions were studied in detail, providing the first
direct evidence for core size conversion of larger nanoclusters (>40 kDa). Systematic study of
the core size conversion in smaller nanomolecules showed that Au~103-105 converts to Au40, Au67
converts to Au40 and <Au67 convert to Au38. The core size conversion reactions could be used as
high yield synthetic protocols with better control over the yield and type of final product.
Electrochemical properties of different sizes were studied using cyclic and differential pulse
voltammetry to understand the trends in the redox behavior and HOMO-LUMO gap of different
sizes. The obtained results were in accordance with the molecule-like to bulk-metal-type
transition. The significance and versatility of mass spectrometry and size exclusion
chromatography in nanomolecule research were shown using different case studies. Future
prospects of this research are discussed in this chapter.
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As a part of this dissertation several areas of nanomolecule research were studied in
detail. Each of these projects was aimed towards better understanding of the properties and
syntheses of different nanomolecules.
Multidentate ligands impart greater colloidal and chemical stability to the nanomolecules.
Effect of multidentate ligands is explored in self assembled monolayers. 53 To extend this to
nanomolecules, dithiols with varying carbon linker chain lengths were incorporated on to the
surface monolayer of Au25(SCH2CH2Ph)18 nanomolecules via ligand exchange reactions. 167
These ligand exchange reactions were monitored by MALDI TOF mass spectrometry. Propane
dithiol was found to have the optimal chain length for bidentate binding, both experimentally
and theoretically. Based on TD-DFT calculations, interstaple binding was found to be the
preferred mode of binding for dithiols. UV-vis absorption spectroscopy showed that the core of
the nanomolecule was unaltered up on dithiol incorporation. Au25(SR)18 nanomolecule has six
long staples, [-SR-Au-SR-Au-SR-Au-], surrounding the Au13 icosahedral core. Larger gold
nanomolecules have short staples, [-SR-Au-SR], surrounding the gold core. Optimal chain
length for larger nanomolecules could be different and needs to be explored in the future.
Interstaple vs intrastaple binding can be addressed by crystallizing the nanomolecules after
exchange with dithiols. X-ray crystallography would show how the dithiols are arranged on the
nanomolecule surface and efforts need to be made in this direction.
Larger nanoclusters (>40 kDa) core converted to Au130(SR)50 upon etching.35 This was
the first evidence for the core size conversion of larger nanoclusters and was reproduced with
phenylethanethiol, hexanethiol and dodecanethiol ligands. Composomers of 130-metal atom
nanomolecule were also prepared with silver and palladium. Au130(SR)50 was isolated and
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characterized using high resolution mass spectrometry, UV-vis absorption spectroscopy,
powder X-ray diffraction and electrochemistry. A downsizing mechanism was predicted for the
core conversion reactions based on mass spectrometry evidence. Optimal size distribution for
Au130 formation needs to be studied in future to improve the yield and control. To understand
the mechanism, the intermediates or byproducts in the low mass region (<2000) need to be
studied by high-resolution mass spectrometry.
Clusters <Au144 always yielded a mixture of Au38 and Au40 upon etching. To find the
origin of these sizes the mixture of clusters <Au144 was separated into Au~103-105, Au67 and
<Au67 using size exclusion chromatography. Upon etching these fractions Au~103-105 converted
to Au40, Au67 converted to Au40 and <Au67 converted to Au38.172 This answered the presence of
Au38 and Au40 as a mixture, which could be avoided by using the core size conversion reactions
shown in this study. Mass spectrometry of the samples from the etching reactions revealed the
presence of common intermediates in the core conversion of Au~103-105 to Au40 and Au67 to Au40.
Crystallizing the intermediates and starting materials to probe the effect of structure in these
types of reactions can give more insights into the mechanism.
Cyclic voltammetry and differential pulse voltammetry showed the molecule-like to bulkmetal-type transition in gold nanomolecules. HOMO-LUMO gap of different nanomolecules
was estimated using the electrochemical properties.41 Au130(SR)50 showed quantized double
layer charging type behavior and was studied in detail.159 The capacitance of the Au130(SR)50
was calculated to be 0.68 aF and 0.66 aF for the positive and negative scans, respectively. The
effect of ligand monolayer and alloying needs to be addressed in future studies. Voltammetry of
larger nanomolecules could unveil more sizes with QDL type behavior, which could find
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potential applications as electron storage capacitors and in molecular electronics.
Composition of gold nanomolecules can be assigned based on high-resolution mass
spectrometry results. The role of mass spectrometry in compositional assignment and reaction
monitoring was demonstrated using several examples. More work needs to performed to
enhance ionization of larger nanomolecules and reaction monitoring in larger size regime (>40
kDa).
Size exclusion chromatography (SEC) can be used to separate gold nanomolecules based
on their hydrodynamic volume. Polystyrene divinylbenzene beads were soaked in THF and
packed in a glass column for SEC. Using several examples, the efficiency and versatility of
SEC was demonstrated. Several new sizes that could not be accessed before can now be
separated using SEC with reasonable efforts. Several parameters need to be further optimized
for better separation.
With the advances in separation and analysis of gold nanomolecules, several new sizes
can be obtained in large quantities with high purity. This provides a whole new arena to test
these materials for different applications like catalysis, sensing and drug delivery. Better
synthetic protocols with high yields to prepare highly stable nanomolecules would drive the
applications development. While most of the research has been focused on improving yields and
stability, tuning the composition to tailor the properties of gold nanomolecules has not been
pursued extensively. Ligand exchange reactions and alloying are our efforts in this direction and
we intend to continue pursuing these areas to push the boundaries further.
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Presentations
•
•

•

•

•

•

Oral presentation titled “Core size conversion in larger metal nanoclusters” at 245th
ACS National meeting, 2013 held at New Orleans, Louisiana
Oral presentation titled “Ligand exchange reactions on ultrasmall gold
nanoclusters” at 77th Mississippi Academy of Sciences annual meeting, 2013 held at
Hattiesburg, Mississippi
Vijay Jupally, Rajesh Kota, Eric Dornshuld, Daniell Mattern, Greg Tschumper,
Amala Dass. “Inter-staple Dithiol Crosslinking in Au25(SR)18 nanomolecules: A
Combined Mass Spectrometric and Computational study” at 2012 Mississippi
EPSCoR annual meeting held at Oxford, Mississippi
Vijay Jupally, Rajesh Kota, Eric Dornshuld, Daniell Mattern, Greg Tschumper,
Amala Dass. “Inter-staple Dithiol Crosslinking in Au25(SR)18 Nanomolecules :
Computational / experimental study” at 2011 Mississippi EPSCoR annual meeting
held at Jackson, Mississippi
Vijay Jupally, Rajesh Kota, Eric Dornshuld, Daniell Mattern, Greg Tschumper,
Amala Dass. “Ligand exchange experiments on Au25(SR)18 using thiols and
dithiols”. Joint 66th SWRM and 62nd SERMACS, 2010, New Orleans, Louisiana
Presented 7 more posters at several other local ACS meetings and meetings by
graduate student council at University of Mississippi, Oxford, Mississippi
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Awards and Honors
§ “ Best graduate student researcher of the year 2012-2013 ” by local section of
American Chemical Society and Department of Chemistry and Biochemistry at
University of Mississippi
§ Won second prize in the poster session conducted by American Chemical Society
and National Centre for Natural Products Research at University of Mississippi in
November 2013
§ Visited University of Geneva, Geneva, Switzerland in November 2013 as a part of
research collaboration with Prof. Thomas Burgi
§ Attended Bruker MALDI TOF mass spectrometry workshop organized by Bruker
Daltonics at Boston, MA.
Teaching and contributions
• Worked as a teaching assistant for general chemistry labs for four semesters. The
responsibilities for these positions include mentoring the labs and assess their
performance in the lab.
• Worked as a teaching assistant for CHEM 314 - Quantitative analytical chemistry for
two semesters. This is an introduction class for quantitative analysis and includes all
the classic analytical techniques like gravimetric analysis and chemical titrations.
• Worked as teaching assistant for CHEM 512 - advanced instrumental analysis for
graduate students. The labs are designed based on spectroscopic and mass
spectrometry techniques for the first time.
• Mentored two high school students (Laura Nguyen and Jake Thrasher) as part of
summer research program from high school students at University of Mississippi.
Jake Thrasher is part of a research publication for his research contributions.
• Mentored three undergraduate students in our research laboratory to work on
synthesis of gold nanoparticles.
• Actively participated in outreach activities to set up chemistry laboratories at North
Panola High School (NPHS), Sardis, MS. NPHS does not have chemistry labs for
high school students. As a part of this outreach program we visit the school
regularly, conduct the chemistry labs and support them with the required supplies.
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